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Unification of Relativistic and Quantum Mechanics from Elementary Cycles Theory
Donatello Dolce
University of Camerino, Piazza Cavour 19F, 62032 Camerino, Italy.
In Elementary Cycles theory elementary quantum particles are consistently described as the man-
ifestation of ultra-fast relativistic spacetime cyclic dynamics, classical in the essence. The peculiar
relativistic geometrodynamics of Elementary Cycles theory yields de facto a unification of ordinary
relativistic and quantum physics. In particular its classical-relativistic cyclic dynamics reproduce
exactly from classical physics first principles all the fundamental aspects of Quantum Mechanics,
such as all its axioms, the Feynman path integral, the Dirac quantisation prescription (second quan-
tisation), quantum dynamics of statistical systems, non-relativistic quantum mechanics, atomic
physics, superconductivity, graphene physics and so on. Furthermore the theory allows for the
explicit derivation of gauge interactions, without postulating gauge invariance, directly from rela-
tivistic geometrodynamical transformations, in close analogy with the description of gravitational
interaction in general relativity. In this paper we summarise some of the major achievements, rigor-
ously proven also in several recent peer-reviewed papers, of this innovative formulation of quantum
particle physics.
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2I. INTRODUCTION
Quantum Mechanics (QM) is one of the pillars of
physics. Its modern formulation, based on mere mathe-
matical axioms, has been successfully tested by some of
the most accurate predictions in physics. It is an undeni-
able scientific fact that the present mathematical formu-
lation of QM is absolutely correct: this point is absolutely
not questioned in this paper. Our remarkable result is
that all the axioms of QM as well as all the other fun-
damental aspects of QM are exactly derivable from the
simple physical principle of elementary relativistic cyclic
dynamics, in a unified description with relativistic me-
chanics. That is, elementary particles are intrinsically
cyclic phenomena (as also implicitly suggested by wave-
particle duality) and, as we will prove in this paper, the
manifestation of these cyclic behaviours is QM in all its
fundamental aspects.
The elusive physical origin of QM has left a consistent
number of unsolved riddles. Today specialists on the field
still do not agree on its physical interpretation [1]. It is
not surprising that some of the founding fathers of mod-
ern physics (e.g. Einstein, Feynman, de Broglie, or, more
recently, ’t Hooft [2], Wilczek [3], Weinberg [4], etc) have
expressed the necessity of a deeper understanding of its
origin by means of simple first physical principles. The
discovery of possible physics beyond QM potentially rep-
resents the tipping point for the solution of long-standing
problems of modern physics — including particle physics
and cosmology— and, eventually, to formulate a possible
“theory of everything” [5].
We rigorously prove, see also [6–22], that simple el-
ementary classical-relativistic cyclic systems represent-
ing elementary particles directly implies QM in all its
fundamental aspects such as: all the axioms of QM;
the Feynman Path Integral; the commutation relations,
and thus second quantisation and Dirac quantisation
rule; quantum electrodynamics (QED); the QM of sta-
tistical systems (Matsubara theory); non-relativistic QM
(Bohr-Sommerfeld quantisation, WKB method), atomic
physics, and so on. We will refer to such fundamental
elementary systems of nature as spacetime Elementary
Cycles (ECs), defined in sec.(II).
Each classical EC exactly describes the quantum be-
haviour of a corresponding elementary particle, sec.(III-
V). The postulate of ECs theory, from which the exact
unified description of physics is uniquely derived, can be
thus stated in the following way:
A free elementary quantum particle of (per-
sistent) energy ω, observed from an inertial
reference frame, is an elementary relativistic
cyclic system, classical in the essence, of per-
sistent time periodicity T = 2π/ω.
Equivalently, this can be stated in the following form:
Every free elementary particle is an elemen-
tary relativistic reference clock.
The postulate of ECs theory and its possible equivalent
enunciations, is discussed in detail in, for instance, [10].
Technically, this postulate is realised in terms of covari-
ant compact spacetime dimensions, i.e. with a formalism
typical of extra-dimensional theories or string theory.
ECs can be regarded as one dimensional classical-
relativistic strings vibrating in spacetime 1 — more ex-
actly the theory describes elementary particles as vibra-
tions of spacetime itself. Their characteristic fundamen-
tal periods and topology determine the kinematical states
of the elementary particles and the other quantum num-
bers (e.g. the spin), respectively.
The most fascinating aspect of EC theory is probably
that it proofs the existence of an enriched, non-trivial
nature of spacetime never considered before which, on
one hand, is fully compatible with ordinary special and
general relativistic physics and, on the other hand, im-
plies QM directly from relativity dynamics, sec.(III-V).
The only quantisation condition from which the whole
QM follows is the constraint of intrinsic periodicity of el-
ementary particles. Such a cyclic nature is only referred
to free elementary constituents of nature, i.e. isolated ele-
mentary particles. Due to interactions composite systems
are not periodic, in such a way that relativistic causal-
ity is fully preserved by the theory (not to be confused
with Closed Timelike Cycles). In other words, the clear
outcome of our rigorous mathematical demonstrations is
the QM mechanics in all its aspects is the manifestation
of the intrinsically cyclic nature of spacetime: elemen-
tary particles are perfectly cyclic phenomena (e.g. con-
sider the wave-particle duality), elementary particles are
the basic constituents of our universe, hence physics (in
particular quantum physics) can be reduced to the com-
position of elementary cyclic systems.
Remarkably EC physics also provides de facto a uni-
fied geometrodynamical description of gauge and gravi-
tational mechanics, sec.(IV) [6, 7]. Undulatory mechan-
ics is encoded directly into spacetime geometrodynamics
of the theory. EC theory proofs that the price to pay
for a unified description of relativistic and quantum dy-
namics, as well as of gauge and gravitational interaction,
is to give up with the emphatically non-compact formu-
lation of spacetime typical of ordinary particle physics,
sec.(VI, VII). In [6–10] we have discussed in details a
similar approach was after all suggested by Einstein in
his attempt of derivation of QM from constrained rel-
ativistic dynamics [23, 24]. The unified description of
1 There are fundamental analogies with ordinary string theory such
as assumption of a compact world-line parameter in the theory
(which in EC theory is the proper time of a particle), but there
are also fundamental differences: due to the peculiar assumption
of compact world-line parameter EC theory does not requires
extra dimensions to be self-consistent. EC theory is the full
relativistic generalisation of the theory of sound, where sound
sources (i.e. particles) can vibrate in time and not only in space.
Nevertheless EC theory fully confirms originals proposals of or-
dinary String Theory and it can be actually regarded as a String
Theory, see sec.(VII).
3physics stemming from ECs is so straightforward and ex-
haustive that it deservers the most careful attention: we
recall that “in questions of science, the authority of a
thousand is not worth the humble reasoning of a single
individual ” as long as the claims are supported by unde-
niable evidences (mathematical demonstrations for what
which concerns theoretical physics); this is the essence of
science according to G. Galilei (see quotation an the end
of the paper).
ECs theory must not be confused with existing in-
terpretations of QM (de Broglie-Bohm, many-words,
stochastic, etc). In particular our approach — being
based on covariant BCs imposed to relativistic dynam-
ics — does not involve hidden-variables of any sort, so
it evades Bell’s or similar no-go theorems, allowing for a
deterministic interpretation of QM. Finally, an EC turns
out to be regarded as the covariant effective formulation
of an ultra-fast continuous periodic Cellular Automata
(CA) proposed by ’t Hooft, a.k.a. cogwheels model.
A. Basic ideas about Elementary Cycles in time
An EC can be heuristically introduced as a “particle
moving on a circle” of time period T . This way to intro-
duces EC shows the analogy with ’t Hooft Cellular Au-
tomata model, which is a fascinating deterministic model
of QM proposed by G. ’t Hooft and reviewed in [2], see
also [25–31]. In particular an EC share analogies with a
“continuous periodic CA” 2. Though ECs and CA share
some phenomenology, they are independent theories as
they are based on different hypothesis about spacetime.
The continuous periodic variable t of period T
parametrizing such a cyclic motion of an ECs can be
simply addressed as the relativistic time coordinate. It
will playing the role of the relativistic time of the the-
ory; in ’t Hooft terminology it is named “ontic” time. In
natural units ~ = c = 1, it is natural to assume that
to such a cyclic system of period T a fundamental en-
ergy ω = 2π/T is associated, according to the de Broglie
phase harmony condition in the “ontic” time: ωT = 2π.
We shall discuss in details that an EC can be actually
regarded as the effective description of a classical “particle
moving [very fast] on a circle”, similarly to CA. Such a
“particle on a circle” can be assumed to be massless (e.g.
2 A periodic CA describes permutations among a generic number
N of neighbour “ontic” sites on a circle. The time step of the
permutations δtP is of the order of the Planck time. It can be
assumed infinitesimal for the scope of this paper. That is, in a
continuous periodic CA (a.k.a. as continuous cogwheel model),
the “ontic” sites can be approximated to a continuum “ontic”
time t of periodicity T , [2]. We only retain the cyclic aspects
(“CA fractional variables”) of CA and approximate to a contin-
uum the discrete ones (“CA discrete variables”). Our analysis
clearly indicates that the correspondence with QM comes essen-
tially from the former aspects whereas the latter could be relevant
for physics at the Planck scale, but not for ordinary QM.
a photon on a circle) in ECs physics (the length of the
circle is λ = T , in natural units). Actually, the effective
mass associated to an EC will result from the EC intrinsic
rest periodicity TC according to the Compton relation
TC = 2π/m. In other words ECs will encode the so
called “internal clocks” of elementary particles [32–34].
More generally, we can define an EC as an elemen-
tary cyclic system characterised by intrinsic periodicity
in time (and space); to each EC of period T is associ-
ated a fundamental energy ω = 2π/T according to the
phase harmony relation [6–22]. We must bear in mind
that the fundamental topology of an EC is that of the
circle, i.e. S1.
An EC can be represented — at a statistical level
— by the so-called physical state Φ(t). The periodic
temporal dynamics characterising an EC implies that
EC physical state is therefore characterised by Periodic
Boundary Conditions (PBCs) on the relativistic time
Φ(t) = Φ(t + T ). Such cyclic dynamics of an EC can
be equivalently described by the infinitesimal evolution
law t→ t+ dt+mod T , in analogy with CA description,
where dt is an infinitesimal (“ontic”) time interval.
It is straightforward to see that such an temporal EC
has much in common with the time evolution of a nor-
mally ordered Quantum Harmonic Oscillator (QHO) —
as also noticed by ’t Hooft in the context of CA. To in-
troduce this correspondence we may notice that the in-
trinsic periodicity (i.e. PBCs of ECs theory) in the rela-
tivistic time of an EC determines (e.g. through discrete
Fourier transform) a “quantum” number n labelling en-
ergy eigenstates φn(t) = e−iωnt/
√
2π. It in turn form a
complete, orthogonal set with harmonic energy spectrum
ωn = nω = n
2π
T (n ∈ Z). Hence, every EC naturally de-
fines an Hilbert space of basis |n〉 such that 〈t|n〉 =˙φn(t)
and induced inner product 〈n|n′〉 = δn,n′ . Similarly to a
vibrating string, an EC turns out to be represented by
the superposition of its energy eigenstates (vibrational
modes) Φ(t)=˙
∑
n∈Z αnφn(t), where αn are Fourier coef-
ficients whose physical meaning will be interpreted later.
A first consequence of this analysis is that it is possi-
ble to describe an EC, which is a classical system, in a
corresponding Hilbert space representation.
An EC, with its spectral composition, is uniquely as-
sociated to a point in the corresponding Hilbert space
|Φ〉 = ∑n αn|n〉. In this formalism an EC also natu-
rally defines a Hermitian operator H as the operator in
the Hilbert space such that H|n〉 =˙ωn|n〉, which is man-
ifestly Hermitian operator due to the PBCs of the the-
ory. Since the temporal evolution of every EC eigenmode
fulfils i∂tφn(t) = ωnφn(t), in this Hilbert space formal-
ism follows that the EC time evolution is given by the
Schrödinger equation i∂t|Φ(t)〉 = H|Φ(t)〉. Hence, the
unitary Hilbert operator U(dt) =˙ e−iHdt describes the EC
time evolutions.
Notice the analogy between the ECs classical dynam-
ics in time mentioned above and the time evolution of a
normally ordered QHO of period T , i.e. of quanta energy
ω = 2πT . As we will see in more detail, the physical mean-
4ing of such ECs dynamics can be actually summarised by
’t Hooft’s words: “there is a close relationship between a
particle moving [very fast N.A.] on a circle with period T
and the Quantum Harmonic Oscillator (QHO) with the
same period" [28, 30]. This correspondence is a corner-
stone of the ECs theory: QHOs are the building blocks of
second quantised fields, and thus of the whole Quantum
Field Theory (QFT). We will use it as starting point to
build our ECs theory. From the covariant generalisation
of this EC we will in fact derive all the axioms of QM
and the Feynman path integral, as well as all the other
fundamental aspects of QM. Indeed ECs constitute the
elementary oscillators from which ordinary QFT can be
derived.
It must be noticed however that H has negative eigen-
values (corresponding to n = −1,−2,−3, . . .) for ECs
— similarly to CA. This apparent problem has a simple
solution in ECs theory. We will prove that, in general,
these negative modes exactly describe anti-particles in
ECs theory (in agreement with ’t Hooft’s conjecture for
fermionic CA), so that this is absolutely not an issue for
relativistic (bosonic and fermionic) ECs. Furthermore H
is always positively defined in the non-relativistic limit
of ECs theory.
ECs evolution can be expressed as a sum of Dirac
deltas, i.e. as a sum of classical paths, by means of the
Poisson summation
∑
n∈Z f(n)e
−inα = 2π
∑
n∈Z F (α +
2πn′), where F is the Fourier transform of f — similarly
to ’t Hooft CA evolution. Without loss of generality we
assume for a moment that we assume for a moment a
unitary EC, represented by the hat symbol Φˆ. By uni-
tary EC we mean that all the Fourier coefficients are uni-
tary: αn ≡ 1, ∀n. Let us consider the evolution Φˆ(∆t) of
an EC from an initial time ti to a final time tf , where
∆t = tf − ti. Hence,
Φˆ(∆t) =
∑
n∈Z
e−inω∆t = (2π)
∑
n′∈Z
δ (ω∆t+ 2πn′)
= T
∑
n′∈Z
δ(∆t+ n′T ) . (1)
This describes all the possible classical paths, labelled
by the winding number n′, linking the initial and final
times “on a circle” of period T . That is, the EC evolu-
tion is given by the interference of all the possible de-
generate classical solutions allowed by the PBCs of the
ECs physical state Φ(t) = Φ(t + T ), or equivalently by
the evolution law ti → tf + mod T . In agreement with
the notation introduced above and considering that the
cyclic behaviour concerns the EC under consideration, it
is more appropriate to express the ECs evolution law in
the Hilbert space notation, e.g. |ti〉 → |tf +mod T 〉 (see
also ’t Hooft notation).
Remarkably, the relativistic generalisation of eq.(1)
will naturally lead to the equivalence between the ECs
classical evolution and the Feynman path integral of or-
dinary QM.
It is also important to bear in mind that an EC, es-
sentially, can also be regarded as describing a classical
(closed) string defined on the (“ontic”) time t and vi-
brating with period T , i.e. with fundamental angular
frequency ω = 2π/T . As we will argue in sec.(VI), if
the time period is very small w.r.t. the observer time-
keeper, a “particle on a circle” can be actually formalised
at an effective level as a particle in a “time box” of ordi-
nary QM. Similarly to a particle in a box or a vibrating
string the “quantisation” is given by the BCs (the rig-
orous formulation of the theory is actually based on a
formalism analogous to that of theories of with compact
extra-dimensions and string theory, see for instance [9]).
We will see that the PBCs are the sole quantisation
condition in ECs theory (no other quantisation condi-
tions are necessary). In the analogy with a vibrating
string, the EC eigenstates φn(t) denote the harmonics,
the EC energy spectrum ωn denotes the positive and neg-
ative vibrational eigenfrequencies, and the Schrödinger
equation is related to the square root of the string evo-
lution law in time. It is not a chance that the Hilbert
space was historically conceived in classical physics to
describe harmonic systems. That is, contrarily to the
common opinion, the Hilbert space notation can be used
to describe (statistically) basic classical physical systems
such vibrating strings. The effective description of an
EC as classical strings vibrating in time with period T
(compact time coordinate with PBCs) is essentially the
original approach to ECs theory used in foundational pa-
pers [9, 20, 21].
Another analogy that will be extensively used in this
paper, especially for the generalisation of the results ob-
tained from free ECs to interacting ECs (i.e. interacting
particles), is that every free EC can be regarded as a
relativistic reference clock: “a relativistic clock is a phe-
nomenon passing periodically through identical phases”
according to A. Einstein [23, 24]. The EC covariant for-
mulation and the geometrodynamical description of par-
ticle interactions, including gauge invariance, will be de-
rived in terms of relativistic clock modulations, in close
analogy with Einstein’s original derivation of General
Relativity (GR). Remarkably, with this formalism we
will be able to derive gauge interactions and QED di-
rectly from the geometrodynamics of the ECs coordi-
nates, without postulating gauge invariance, thanks to
the intrinsically compact nature of the relativistic space-
time coordinates of ECs theory.
II. RELATIVISTIC ELEMENTARY CYCLES
In this section we give the rigorous definition of ECs.
The model is obtained by generalising to a covariant form
the time dynamics described in the introduction above.
We will obtain in a very natural way the undulatory me-
chanics at the base of modern relativistic QM. Essentially
we will investigate relativistic modulations of elementary
cyclic dynamics, in analogy with relativistic clocks and
the relativistic Doppler effect.
5A. Rest Elementary Cycles and the definition of
mass
We have anticipated that an EC is an elementary cyclic
system. Let us imagine to observe such an EC in a generic
inertial reference frame S, also denoted by the vector ~k
— it will be identified with the fundamental spatial mo-
mentum of the elementary particle described by the EC.
According to relativity, the EC time period T (~k) and
fundamental energy ω(~k) must be frame dependent. Fur-
thermore in every reference frame they must satifies the
phase harmony relation for the time coordinate in that
reference frame ω(~k)T (~k) = 2π (they will be the zero
component of contravariant and covariant four-vectors,
respectively).
On one hand QM tells us through the Planck constant
h that the energy is determined by the periodicity of a
“periodic phenomenon” [32] (e.g. of a wave, of a pha-
sor or, more in general of an EC) according to the phase
harmony relation ω(~k)T (~k) = 2π. On the other hand rel-
ativity tells us through the speed of light c that the mass
is fixed by the rest energy ω(0) = m. Hence, by con-
sidering both relativistic and quantum physics, we have
that in general the mass of a particle must be identified
to a rest periodicity T (0), i.e. to the so-called Compton
periodicity TC =˙ T (0), according to the Compton rela-
tion TC = 2π/m. It is understood that in this paper
the Compton periodicity (as well as the Compton wave-
length) is intended in a general way, not necessarily lim-
ited to electrons. Every particle has its characteristic
Compton periodicity TC = 2π/m depending on its mass
m.
The mass m of an EC is thus determined by the EC
time period T (0) in its rest frame according to m = 2πT (0) ,
in agreement with relativistic and undulatory mechanics.
This is the EC analogous of the Compton time T (0) = TC
of an elementary particle of mass m. Essentially an EC
of rest period TC encodes the so-called Compton clock
or de Broglie internal clock [32, 34–36] of an elementary
particle of massm = 2πTC . We will show that the classical-
relativistic periodic dynamics of an EC of rest period TC
corresponds to the quantum dynamics of an elementary
bosonic particle of mass m (rest energy). Such a defi-
nition of mass allows ECs theory to encode undulatory
mechanics directly into the spacetime geometrodynam-
ics.
It is interesting to notice that such a description of rest
mass offers a fascinating way out to GR paradoxes, see
for instance recent ’t Hooft paper “light is heavy” [37]. A
massless particle, e.g. a photon, moving at the speed of
light on a circle of Compton length can be equivalently
described at an effective level as an elementary system of
rest massm = 2πTC . This effective description of rest mass
can be actually tested experimentally. It is the mecha-
nism of generation of the effective mass of the elementary
charge carriers (i.e. the electrons) in carbon nanotubes,
as described in detail in [11, 12]. This represents one of
the possible applications of ECs theory.
In this paper we will mainly concern about bosonic
particles. Nevertheless in sec.(IVC) we will show how a
particular case of the ECs internal cyclic dynamics (that
we will address as twisted) can be imposed to reproduce
the essential properties of fermionic particles according to
the Dirac equation. As aspected the resulting description
will have much in common with the zitterbewegung in
which the intrinsic periodicity associated to the Dirac
dynamics is actually determined by the mass in analogy
with the Compton relation.
B. Free Elementary Cycles spacetime dynamics
In close analogy with de Broglie derivation of undula-
tory relativistic mechanics [32], if an EC of rest period-
icity TC is observed in a generic inertial reference frame
~k, the Lorentz transformation of the EC Compton time
TC implies a spatial periodicity λ(~k) in addition to the
EC time periodicity T (~k) in that reference frame.
In particular the Lorentz transformation of the EC
Compton time is TC = γT (~k) − γ~β · ~λ(~k), where γ =
1/
√
1− ~β2 is the Lorentz factor. Indeed a consistent
covariant description of cyclic dynamics implies that a
spatial periodicity ~λ(~k) must be associated to the EC,
in addition to the time periodicity T (~k). This wave-
length defines the (“ontic”) 3D space ~x of the EC. It is
therefore possible to introduce the EC spacetime period
λµ = {T,−~λ} (we omit the ~k dependency) in the (“ontic”)
spacetime xµ = {t,−~x} defined by the EC.
The Lorentz transformation given above leads to the
covariant phase harmony condition in the EC “ontic”
spacetime. That is, we have the relativistic invariant
mTC = γmT −γm~β ·~λ = ωT −~k ·~λ = ωµλµ = 2π, where
actually ωµ = {γm,−γ~βm} = {ω,−~k} is the fundamen-
tal EC four-momentum according to the relativistic laws.
That is the four-momentum associated to the EC funda-
mental mode (n = 1) is ωµ.
Similar to the definition of the EC fundamental energy
ω(~k), we can now identify ~k as the fundamental momen-
tum of the EC in that particular reference frame: it is
in fact related to the spatial periodicity (wave-length) by
the de Broglie relation ki = 2π/λi with i = 1, 2, 3.
By denoting the Lorentz transformation with Λµν , in
the new reference frame x′µ = Λµνx
ν the resulting EC
spacetime period and fundamental four-momentum are
λ′µ = Λµνλ
ν and ω′µ = Λ
ν
µων , respectively. Thus the EC
satisfies in every inertial reference frame the invariance
of the phase harmony condition ωµλµ = ω′µλ
′µ = 2π.
That is, ωµ and λµ are dual quantities. They are two
faces of the same coin. They are in fact covariant and
contravariant four-vectors, respectively.
As discovered by de Broglie [32] the relativistic undu-
latory mechanics resulting from a periodic phenomenon
of rest periodicity TC can be used to represent a relativis-
6tic particle of mass m and momentum ~k. Indeed we have
found a correspondence with the undulatory mechanics
at the base of modern QM. For instance, in the reference
frame ~k, the fundamental harmonic n = 1 of the EC, de-
noted by the bar symbol, has therefore the familiar form
of a relativistic wave
φ¯~k(x) = e
−i(ω(~k)t−~k·~x) = e−iωµx
µ
.
Every EC can be regarded as a “de Broglie periodic phe-
nomenon” [32, 35]. In ’t Hooft’s terminology, these trans-
formations of reference frames define a class of Lorentz
“changeable” of the EC of rest period TC that we will
represent in a Fock space, sec.(VC3).
Now it is easy to see that T (~k) transforms from inertial
reference frame to inertial reference frame according to
the relativistic constraint 1
T 2C
= 1λµ
1
λµ
= 1T 2 −
∑3
i=1
1
λi
1
λi
.
By means of the phase harmony relation (i.e. through the
Planck constant), it in fact corresponds to the relativistic
relation m2 = kµkµ = k20 − |~k|2.
For reasons that will be clarified later, here we have in-
troduced the notation kµ = {k0,−~k} where k0 = ±ω(~k)
and ± denotes the positive and negative frequencies, re-
spectively. This notation is that typically used in the
formalism of ordinary QFT. Hence, we find that the
EC fundamental energy satisfies the relativistic disper-
sion relation of a relativistic particle of mass m: ω(~k) =
2π/T (~k) =
√
m2 + ~k2.
Our covariant EC model shows that the relativistic
generalisation of the evolution law of a free EC in the “on-
tic” spacetime can be written as |xµi 〉 → |xµf +mod λµ〉.
That is a covariant generalisation of ’t Hooft’s CA evo-
lution law in the “ontic” time. In a generic inertial refer-
ence frame the spacetime period λµ of the EC evolution
is determined by the EC fundamental four-momentum kµ
according to undulatory mechanics: kµλµ = 2π. It ac-
tually represents the four-momentum of the elementary
particle described by the EC.
We will denote the physical state of an EC of funda-
mental momentum ~k as Φ~k(x). Its explicit form will be
given in the next subsection. The EC evolution law is
characterised by the relativistic contravariant PBCs for
the physical state Φ~k(x) = Φ~k(x + λ) in the reference
frame S, where we have suppressed the Lorentz index in
the argument.
C. Elementary Cycle energy spectrum and free
physical state
In the previous subsection we have derived the disper-
sion relation of the EC fundamental energy ω(~k) and the
corresponding relativistic modulation of EC period T (~k).
However, due to the intrinsic periodicity (PBCs), an EC
— similarly to a CA— is characterised by a whole energy
spectrum which, for a free EC of fundamental momentum
~k, is the harmonic energy spectrum ωn(~k) = nω(~k).
The combination of the EC harmonic energy spec-
trum above and the relativistic transformation of the EC
time periodicity T (~k) = 2π/ω(~k) = 2π/
√
m2 + ~k2, see
above, leads to the EC energy spectrum dispersion re-
lation ωn(~k) = nω(~k) = 2πn/T (~k) = n
√
m2 + ~k2 (with
n ∈ Z). Notice that it coincides with the energy spectrum
of an ordinary normally ordered, second quantised scalar
field describing a particle of mass m — in QFT every
scalar mode of energy ω(~k) =
√
m2 + ~k2 has normally
ordered spectrum ωn(~k) :=: nω(~k), similarly to a QHO.
In analogy with QFT notations, we can now write n ∈ N
and associate the negative frequencies to the harmonics
of the negative solution of k0 = ±ω(~k).
Similarly to the energy spectrum, in the free case the
harmonic momentum spectrum resulting from the EC
spatial periodicity ~λ is kni = nki = 2πn/λi, with i =
1, 2, 3. As a consequence of the PBCs Φ~k(x) = Φ~k(x+λ)
the four-momentum spectrum of a free EC is thus given
by the quantisation condition kµnλ
µ = kn · λ = 2πn,
similarly to the Bohr-Sommerfeld quantisation. This is in
perfect correspondence with ordinary QFT. For instance
photons have massless dispersion relation ω = |~k| so that
ωn(~k) = nωn(~k) implies ~kn = n~k.
It is important to bear in mind that the EC (“ontic”)
spacetime period is the contravariant Lorentz projection
of the EC Compton period: λµ = Λµ0TC . Notice that,
despite the fact we have periodicities in time and space,
the fundamental topology of the relativistic EC is still
that of the circle, S1. An EC can be actually represented
by a one-dimensional classical closed-string vibrating in
a four-dimensional spacetime. This implies that both
the EC energy and momentum spectra are denoted by
the same quantum number n. In other words, as for or-
dinary QFT, the two spectra are not independent: the
momentum spectrum is the Lorentz projection of the en-
ergy spectrum. By means of the relativistic equations
of motion, once that the mass is fixed, it is sufficient to
know the periodicity (i.e. the energy) in a given refer-
ence frame to derive the corresponding wave-length |~λ|
(i.e. the spatial momentum) in the “ontic” space [9].
In this way we have proven that the free (scalar) EC of
fundamental momentum ~k is effectively described by the
wave packet of all the harmonics allowed by its spacetime
periodicity Φ~k(x) = Φ~k(x + λ):
Φ~k(x) =
∑
n∈Z
αn(~k)e
−iωn·x =
∑
n∈Z
an(~k)e
−iωn·x√
(2π)3
√
2ωn(~k)
(2)
=
∑
n∈N

 an(~k)e−ikn·x√
(2π)3
√
2ωn(~k)
+
a−n(−~k)eikn·x√
(2π)3
√
2ω−n(−~k)

 ,
where we have suppressed Lorentz indexes and we have
normalised over an infinite number of EC spatial periods,
i.e. infinite volume, analogously to QFT.
We will identify the classical-relativistic EC physical
state eq.(2) with the normally ordered second quantised
7mode of momentum ~k associated to an ordinary scalar
field of mass m = ω(0). In oder words the physical state
Φ~k(x) will turn out to describe a scalar quantum particle
of mass m = ω(0) in the inertial reference frame ~k.
D. The free Elementary Cycle scalar action
Here we prove that the free EC physical state Φ~k(x),
reported in eq.(2), and describing a quantum bosonic
free particle of mass m and momentum ~k, is the clas-
sical solution of the action of a one-dimensional string
vibrating in spacetime with periodicity λµ and rest pe-
riod TC = 2π/m. Indeed we have already pointed out
the correspondence — which will be formalised in the
next section — between the EC free physical state Φ~k(x)
and the mode of momentum ~k of a quantised free Klein-
Gordon field of mass m.
We must bear in mind that a free EC is characterised
by a global spacetime period λµ. Indeed — see discussion
in [10] — we can paraphrase Newton’s first law: a free
EC, having by definition constant energy-momentum kµ,
is characterised by persistent (i.e. constant and global)
spacetime periodicity λµ, according to the phase har-
mony condition. In the free case the spacetime period
must be necessarily global (persistent periodicity), in the
sense that it does not depend on the spacetime point at
which the EC evolution is evaluated. It only depends on
the reference frame according to the relativistic laws.
Vice versa, as we shall see in sec.(IV), the case of in-
teracting ECs is characterised by local “ontic” spacetime
periods, i.e. the EC period must depend on the spacetime
point on which the interacting EC is located in order to
encode the local variation of four-momentum associated
to the interaction.
As pointed out at the end of sec.(II B), the evolution
law of a free EC, |xµi 〉 → |xµf + mod λµ〉, such that
kµλ
µ = 2π, is equivalently represented by the contravari-
ant PBCs Φ~k(x) = Φ~k(x + λ) for the free EC physical
state Φ~k(x) (we have suppressed the Lorentz index). In
other words, the physical state of a free EC Φ~k(x) can
be equivalently defined as the solution of a scalar ac-
tion defined in the flat, cyclic spacetime of period λµ
in order to encode cyclic dynamics of rest periodicity
TC . The EC (“ontic”) spacetime coordinates are there-
fore represented as compact with compactification length
λµ and contravariant PBCs at the boundaries in a four-
dimensional Minkowskian (flat) metric. The ECs for-
malism has indeed many similarities with that of extra-
dimensional theories and String Theory.
The action defining a free scalar EC is therefore
SEC =
∫
λµ
d4xL(∂µΦ~k,Φ~k) , (3)
where global contravariant PBCs are assumed at the
boundaries: Φ~k(x) = Φ~k(x+ λ). For the free case, these
PBCs are global, in the sense that they do not depends on
the spacetime point on which the EC is located. In every
point x of the EC evolution the EC has (instantaneous)
spacetime periodicity λµ.
The PBCs are contravariant in the sense that they vary
with the EC reference frame according to the relativis-
tic phase harmony. EC formulation eq.(3) is manifestly
covariant. Under the Lorentz transformation of coor-
dinates x′µ = Λµνx
ν , the action eq.(3) turns out to be
SEC =
∫
λ′µ
d4x′L(∂µΦ~k′ ,Φ~k′). The resulting boundary
transforms in fact in a contravariant way, according to
the global phase harmony condition k′µλ
′µ = 2π. In the
new inertial reference frame, the four-momentum is ac-
tually transformed to k′µ = Λ
ν
µkν whereas the spacetime
period is transformed to λ′µ = Λµνλ
ν . We can say that
the Lorentz transformation corresponds to a local rota-
tion of the boundary of the EC.
Due to the transformed PBCs, the quantisation condi-
tion transforms as k′µnλ
′µ = 2πn, so that the (global) en-
ergy spectrum dispersion relation can be actually rewrit-
ten as k′0n = k0n(~k
′) = n
√
m2 + ~k′2 (n ∈ N). The PBCs
of the action eq.(3), Φ~k(x) = Φ~k(x + λ), yield the quan-
tised EC spectra described in the previous subsection.
It is well known from string and extra-dimensional the-
ories that PBCs (as well as Neumann and Dirichlet BCs)
are admitted by relativistic bosonic actions, in the sense
that they fulfil the variational principle at the boundary
[9]. This compatibility has a fundamental relevance for
the consistency of the ECs theory.
The free bosonic EC is effectively an homogeneous one
dimensional vibrating string (i.e. vibrating in the Comp-
ton world-line with periodicity TC) vibrating in space-
time with four-period λµ. The general EC solution is
of the type φ¯~k(x) ∝ e−ikµx
µ
according to eq.(2), such
that kµλµ = 2π. By scalar action we mean that the
corresponding Euler-Lagrange equation is the ordinary
Klein-Gordon equation (∂µ∂µ −m2)φ¯~k(x) = 0 — its ex-
plicit form is given in [7–9]. Notice that these equations
of motion actually encode a rest periodicity TC = 2π/m.
Thus, due to the PBCs, the solution of eq.(3) is the scalar
EC eq.(2), q.e.d.
As we shall see, this functional formalism will be par-
ticularly convenient, for instance, when we will describe
interactions. Notice also that in ECs the problematics
“edge states” of ’t Hooft’s CA models [2] are manifestly
vanishes as can be easily seen thanks to the explicit as-
sumption of contravariant PBCs. Such a problematic
aspect of CA is therefore solved by ECs physics.
III. EQUIVALENCE TO CANONICAL
QUANTUM MECHANICS: THE FREE CASE
We are now able to prove the exact correspondence be-
tween the classical dynamics of a free EC and the canon-
ical QM of an elementary free bosonic particle. This
means that we will exactly derive, for the free case (and
then for the interacting case), all fundamental axioms
of QM, the commutations rations, the Heisenberg un-
8certainty relation, the Feynman path integral, the Dirac
quantisation rule, the Bohr-Sommerfeld quantisation, the
WKB approximation, and so on.
Our strategy is the one learnt from Newton: we first
consider the ieal case of free elementary system and then
we generalise to interactions. In sec.(IV) the exact cor-
respondence will be then exactly extended to the case
of interacting systems, composite systems and thermal
systems, by developing the formalism of ECs spacetime
geometrodynamics, Euclidean time periodicity and ten-
sor products of Hilbert spaces, respectively.
Notice that the quantum behaviours will be directly de-
rived from the EC relativistic classical dynamics, without
any further quantisation condition except intrinsic peri-
odicity (PBCs).
A. Axioms of Quantum Mechanics from
Elementary Cycles
We are now able to derive the axioms of QM from ECs
classical dynamics in the free case. Additional details are
given in [10].
i) Axiom of the states
In the covariant formulation of ECs theory intro-
duced above, see eq.(2), the EC momentum eigenstates
φ~kn(~x) =˙ e
i~kn·~x constituting the EC physical state Φ~k,
as a direct consequence of the ECs spacetime evo-
lution law, i.e. of the PBCs, form a complete, or-
thogonal set. A free EC indeed naturally defines a
corresponding Hilbert space of basis |n~k〉, such that〈~x|n~k〉 =˙φ~kn(~x), with induced inner product defined as
〈n~k|n′~k〉 =˙
∫
d3xe−i~kn·~xei~kn′ ·~x/(2π)3 = δn~k,n′~k . The com-
pleteness relation is
∑
n |n〉〈n| = 1 and the overlap be-
tween the position operator and the eigenstate of the mo-
mentum operator is 〈~x|~k〉 = ei~k·~x.
Hence the free EC is described by a point in the cor-
responding Hilbert space
|Φ~k〉 =
∑
n~k∈Z
αn(~k)|n~k〉
=
∑
n∈N
[
αn(~k)|n~k〉+ α−n(−~k)| − n−~k〉
]
(4)
such that 〈x|Φ~k〉 = Φ~k(x); q.e.d.
ii) Axiom of the observables
In this Hilbert space notation, we find that the EC dy-
namics define, through its quantised energy and momen-
tum spectra, corresponding Hamiltonian and momentum
operators H and ~P such that H(~k)|n~k〉 =˙ωn(~k)|n~k〉 and
~P|n~k〉 =˙~kn(~k)|n~k〉, respectively. These operators, im-
plicit in the EC formulation eq.(2), are manifestly Her-
mitian due to the PBCs.
The “observables” of an EC can be therefore always
written as functions of Hermitian operators. The eigen-
values of these operators in turn describe the only pos-
sible values of the related physical quantities admitted
for the EC eigenvalues (e.g. a free relativistic EC has
quantised energy ωn(~k), eigenvalues of the Hamiltonian
operator H, in analogy with the discrete frequencies of a
classical vibrating string); q.e.d.
iii) Axiom of the motion
From the free EC solution eq.(2) it easily follows that
every EC eigenmode (harmonic) satisfies the equation
i∂µφ~kn(x) = kµnφ~kn(x). In the related Hilbert space
formalism this means that the time evolution of the
EC eq.(2) turns out to be described by the ordinary
Schrödinger equation
i∂t|Φ~k(x)〉 = H(~k)|Φ~k(x)〉
(the Hamiltonian in this case is not time dependent be-
cause, actually, we are in the free case). Similarly, the
spatial evolution is given by i~∂~x|Φ~k(x)〉 = − ~P(~k)|Φ~k(x)〉.
In particular the unitary time evolution operator is
U(dt) = e−iHdt and the spatial evolution operator is
U(d~x) = ei ~P·d~x; q.e.d.
iv) Axiom of the measurement
Besides the mathematical relevance of the Born rule
which we are going to derived here, in QM the axiom of
the measurement has a particularly important interpre-
tational and conceptual meaning which we will interpret
in terms of ECs physics here and in sec.(VI).
To derive the Born rule we must again consider that
— similarly to a covariant generalisation of ’t Hooft’s CA
— an EC describes statistically and in a covariant way
the dynamics of a single “particle moving [very fast A/N ]
on a circle”. If the EC time period T is very small w.r.t.
the time resolution of the observer’s timekeeper, the only
possible description of the ECs dynamics is statistical.
Actually, the time scale of the ECs periodicities are
determined by the mass of the corresponding particles.
Since ω(~k) ≥ m, the upper bound of the EC time period
T (~k) is given by the Compton period TC . This means
that, even considering light particles3 such as electrons
(or even electrodynamic phenomena), the cyclic EC dy-
namics are always faster than any modern timekeeper
resolution. The electron Compton time is about 10−21
s whereas the modern timekeepers resolution is “only”
10−17 s (it is however increasing very fast towards the
electron Compton time, see [12] for possibles indirect ob-
servations of the Compton clock).
Let us consider the example of a rolling die, further
discussed in sec.(VI). A rolling die can be actually re-
garded as an EC whose time dynamics are on a periodic
temporal lattice of 6 sites with very small time interval
with respect the observer temporal resolution denoted by
δt (it can also be regarded as a CA with 6 states on a
circle and permutations among neighbour). Let us sup-
pose that the period T is unknown. If the die rolls slowly
3 In the case of neutrinos the internal periodicity is very slow and,
actually, the neutrinos periodicities (oscillations) are experimen-
tal manifestations of neutrinos masses.
9or it is observed with sufficient resolution in time, the
observer can resolve the die motion. However, if the die
rolls very fast w.r.t. the observer resolution in time (or if
it is observed under a stroboscopic light, see Elze’s stro-
boscopic quantisation [38]), only a statistical prediction
of the outcomes is possible.
For instance, let us suppose that when the timekeeper
time is t1 the die shows a given face, and at time t1 + T
it shows again the same face. The observer can only say
that the frequency is ω1 = ω, or ω2 = 2ω, or ωn = nω
with n ∈ Z. Thus its evolution is that of a “periodic phe-
nomenon” described by the superposition of the eigen-
states e−iωnt, forming a complete, orthogonal set with
eigenvalues ωn = nω. Furthermore the fast rolling die
can be represented, as long as we do not observe it, as
the superposition of the states of its six faces (similarly
a very fast flipping coin is the superposition of the state
|head〉 and the state |tail〉). Due to the finite resolution
of the timekeeper the die time period T = 2π/ω can
only be determined with an experimental uncertainty δt.
The observer uncertainty in time implies an simultane-
ous uncertainty in the angular frequency δω (i.e. in the
“energy”). This simultaneous uncertainty is actually de-
scribed by the Heisenberg uncertainty relation, as we will
show in sec.(3.1).
In addition to the analysis given for the previous ax-
ioms and in sec.(II), this example wants to illustrate in a
naive way that, in analogy with ’t Hooft’s analysis of CA,
the evolution of a die rolling very fast can be described in
a corresponding Hilbert space with associated Hamilto-
nian operator and Schrödinger equation, in close analogy
with QM. According to ECs theory, this correspondence
can be interpreted in the following way. Similarly to the
example of the die, if the system is characterised by very
fast cyclic dynamics, as for ECs, w.r.t. the observer res-
olution in time, only a statistical description of the out-
comes can be given. This statistical description yields a
Hilbert space notation and the other correspondences to
QM (frequency eigenstates, Schrödinger equation, uni-
tary evolution, etc).
Finally, in order to derive the axiom of the measure-
ment and the Born rule it is convenient to consider the
example of an electric current. As well-known the motion
of electrons in an electric circuit is typically described
statistically due to the large number of electrons consti-
tuting the electric current even though they move very
slowly. Such a statistical description is given by means
of a “wave function” (i.e. by a phasor), which is the anal-
ogous of the EC physical state, describing the density of
electrons ρ(x), i.e. the density of charges, and satisfying
the continuity equation.
Obviously, such a statistical description can be ex-
tended to a current of neutral particles. In this case ρ(x)
simply describes the density of particles. Furthermore,
such a statistical description can be generalised to ECs
— or CA —, i.e. to a single “particle moving [very fast]
on a circle”. In the case of an EC, even though we have
a single “particle on a circle”, i.e. in our circuit, the sta-
tistical description is necessary due to the fact that the
particle moves very fast. If the period is very small w.r.t.
the experimental resolution in time, it will be not possi-
ble to determine the exact position of the particle at a
given time, so we can only describe the particle motion
statistically. That is described by a wave-function defin-
ing the probability and current densities, and satisfying
the continuity equation.
The EC physical state Φ~k(x) is actually a wave-packet
of solutions of the Klein-Gordon equation. It therefore
satisfies the continuity equation ∂tρ(x) = −~∂~x·~j(x) where
ρ(x) = |Φ~k(x)|2 describes the probability density to find
in x the single particle “on a circle” associated to the EC,
in analogy with the phasor of an electric current. Simi-
larly, ~j(x) describes the current of probability associated
to the EC (for the sake of simplicity, since the particle
must be necessarily stopped in the detector when ob-
served we can assume here a non-relativistic continuity
equation [39]).
We conclude that for an EC the current of probability
is constituted by a “single particle on a circle”, so that
the integral of the probability density ρ(x) over the whole
space (i.e. over an infinite number of periods along the
“circle”) is unitary:∫
|Φ~k(x)|2d3x ≡ 1 .
We conclude that the statistical description of an EC,
i.e. “a particle moving [very fast] on a circle” leads exactly
to the ordinary Born rule of QM; q.e.d.
1. Comments about axiomatic Quantum Mechanics
We have demonstrated mathematically the complete,
exact equivalence between the free ECs classical dynam-
ics and the axiomatic formulation of QM for the free
(bosonic) case. This result will be generalised to inter-
actions in sec.(V). Obviously the exact equivalence with
the axioms of QM is very important. The axioms of QM
constitute the base from which all the known results of
quantum physics can be derived. Here we have derived
them from the classical ECs dynamics. Hence we are al-
lowed to state that — at least — EC is consistent with
all known results of QM.
Besides the generalisation to the interacting case, we
will also derive from ECs classical dynamics all the other
(secondary) aspects such as the Feynman path integral
(obtained independently from the axioms above), the
commutation relations (relevant for the Dirac quantisa-
tion, the Fock space and the Heisenberg relation), the
product of Hilbert spaces (necessary to describe compos-
ite systems and Bell’s experiment), the spin-statistics,
the quantisation of statistical systems, etc.
Since in an EC the periodic motion along the “cir-
cle” (i.e. the circuit) is constrained to satisfy the PBCs
Φ~k(t) = Φ~k(t + T ) (and thus discrete eigenmodes), we
have found an additional justification of the fact that an
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EC, i.e. a “particle moving [very fast] on a circle”, can
be effectively represented as a classical one dimensional
(scalar) string vibrating with period T , and related har-
monics.
B. Commutation relations from Elementary Cycles
In order to derive the commutation relations of QM
directly from ECs cyclic dynamics let us evaluate the
expectation value of the partial derivative of an Hermi-
tian observable ∂~xF(~x) among arbitrary initial and final
ECs physical states — notice that the expectation value
describes the “average” value associated to an EC physi-
cal observable, e.g. the energy, in perfect correspondence
with ordinary QM.
Through integration by parts and keeping in mind our
definition of the momentum operator ~P as well as of the
inner product associated to the EC, it is easy to see that
[9, 10]
〈Φfin|~∂~xF(~x)|Φin〉 = i〈Φfin|~PF(~x)−F(~x)~P|Φin〉
− [Φfin(~x)F(~x)Φin(~x)]~λ0 . (5)
It is important to notice the fundamental role of the
PBCs in this demonstration: the boundary term of this
expectation value vanishes as direct consequence of the
periodicity ~λ for the EC “ontic” spatial coordinate ~x.
Hence we exactly obtain, for arbitrary initial and final
EC physical states Φin and Φout (in this form the demon-
stration can be easily generalised to the interacting case),
the same commutation relations of canonical QM:
[F(~x), ~P ] = i~∂~xF(~x) . (6)
Indeed, by assuming F(~x) = xi we find
[xi,Pj ] = iδi,j , (7)
where i, j = 1, 2, 3. In a similar way it is possible to derive
the commutation relation between time and Hamiltonian
operator: [t,H] = i.
From these fundamental commutation relations of the
canonical quantities, the commutation relation for all the
derived observables can be inferred. For more details
see for instance [9]. We conclude that the commutation
relations of QM are implicit in ECs periodic dynamics.
In turn the so-called Dirac quantisation rule or the second
quantisation are implicit as well, see below.
Paraphrasing Dirac quantisation rule we have proven
that that, if the commutation relation of the physical
observables A and B of a (free) classical particle is de-
scribed by the Poisson bracket {A,B}P , the related EC
is described by the commutation relation
[A,B] = i{A,B}P
where A and B are the Hilbert operators associated to
the EC observables, in perfect agreement with ordinary
QM.
Notice that this demonstration is the straightforward
generalisation to ECs physics of Feynman’s derivation of
the commutation relations from the path integral [40, 41]
proving the equivalence between the path integral for-
mulation of QM and the axiomatic one. Thus, if — as
it is — mathematics is not an opinion (if, according to
Feynman “the same equations have the same solutions”),
our demonstration proves that ECs theory is equivalent
to both axiomatic and Feynman formulations of QM. In-
deed we will also be able to derive, in an independent way
w.r.t demostration given above, that the Feynman path
integral directly from ECs classical dynamics, in either
the free and interacting cases, see par.(III E).
C. Heisenberg uncertainty relation from
Elementary Cycles
The Heisenberg uncertainty relation is, in general, a di-
rect consequence of the commutation relations eqs.(6-7).
The latter has been derived from ECs dynamics, hence
we can safely say that the Heisenberg uncertainty rela-
tion is implicit in ECs theory, in perfect analogy with
ordinary QM.
Alternatively — as further crosscheck — the Heisen-
berg uncertainty relation can be intuitively inferred di-
rectly in terms of ECs periodic dynamics. We consider,
for instance, that only the modulo square |Φ~k(xi)|2 has
a physical meaning (Born rule). Due to the periodic dy-
namics, the phase of an EC physical state is defined mod-
ulo phase factors. This is a direct consequence of the
PBCs or equivalently of the evolution law (thus it can be
generalised to ’t hooft CA). Without loss of generality
here we only consider phase factors nπ and n = 1 because
different phase factor give weaker uncertainty relations.
Without loss of generality let us consider the i-th “on-
tic” spatial coordinate of period λi. As already said, due
to the fast periodic dynamics, an observer can only de-
scribe the EC statistically. In particular the observer can
only interpret the invariance of the EC phase by factors
π’s as a simultaneous indetermination in the momentum
and position: |eikixi | = |ei(kixi+π)| = |ei[(ki+δki)xi]| =
|ei[ki(xi+δxi)]| where δkixi = π and kiδxi = π (kµ, or
equivalently λµ, and xµ are unknown to the observer).
Now, by considering that the “ontic” spatial coordinate
is periodic, i.e. 0 < xi + mod(n′λi) ≤ λi, with n′ ∈ N
(for the sake of simplicity we can assume xi ∈ (0, λi] sim-
ilarly to angular variables), and that the phase harmony
condition is kiλi = 2π, we find that the simultaneous in-
determinacy between momentum and space is described
by the ordinary Heisenberg relation:
δkiδxi =
π2
kixi
≥ π
2
kiλi
=
π
2
.
Generalising this demonstrations we have the other
Heisenberg uncertainty relations δkjδxi ≥ δi,jπ/2 and,
for the temporal component, δωδt ≥ π/2 [6, 9, 22, 42],
q.e.d.
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D. Second quantisation from Elementary Cycles
It is well known that the commutation relations of the
QHO ladder operators are a direct consequence of the
commutation relations of QM eqs.(6-7). Since the latter
are implicit in ECs physics, the commutation relation of
the ladders operators are implicit in ECs cyclic dynamics
as well. The full derivation of the QHO in ECs theory is
given in [9, 15, 16, 19, 22] and summarised in sec.(VC2).
In terms of the correspondence between EC and QHO
this means that, by means of the definition of the po-
sition and momentum operators in ECs theory, to the
Fourier coefficients an(~k) and a−n(−~k) of eq.(2) is pos-
sible to associate the corresponding ladder operators de-
fined as,respectively,
aˆ(~k) =
√
ω(~k)
2
x+
i√
2ω(~k)
|~P|
aˆ†(~k) =
√
ω(~k)
2
x− i√
2ω(~k)
|~P| . (8)
Due to the commutation relations of QM derived above
directly from the effective description of the ECs ultra-
fast cyclic dynamics in the Hilbert notation, these ladder
operators play the role of the creation and annihilation
operators of ordinary QM. That is, they satisfy the com-
mutation relation [a(~k), a†(~k′)] = δ(~k − ~k′). Indeed they
describe the creation and annihilation of the EC n-th
harmonic mode. Then, it is also possible to define the
ECs “vacuum” state |0〉 from which all the possible ECs
harmonics are created, as |n~k〉 = a
†n(~k)√
n!
|0〉. Similarly the
normally ordered Hamiltonian of the EC can be rewritten
as H(~k) = ω(~k)a†(~k)a(~k).
The free solution of an EC of momentum ~k, denoted
by the physical state Φ~k(x), is therefore equivalent to the
(normally ordered) second quantised mode of momentum
~k of an ordinary Klein-Gordon field ΦKG(x) of mass m.
A second quantised scalar field ΦKG(x) of mass m =
2π/TC is in fact the EC physical state Φ~k(x) integral
over all the possible fundamental momenta ~k: ΦKG(x) =∫
d3kΦ~k(x). That is, in analogy with QFT we have that
the physical state operator associated to eq.(2) is
Φ~k(x) =
1√
(2π)32ω(~k)
[
a(~k)e−ik·x + a†(~k)e+ik·x
]
. (9)
As we will see, the mathematical tool which actually de-
scribes such an integration of physical states of an EC is
the Fock space.
By using ’t Hooft terminology we say that a second
quantised field is the ensemble of all the Lorentz “change-
ables” obtained by transforming the EC to all the possible
inertial reference frames. This shows the equivalence be-
tween the scalar EC dynamics and second quantised free
Klein-Gordon fields.
In the case of neutral scalars we see that the positive
EC modes are indistinguishable from the negative ones.
Actually, neutral bosonic particles and antiparticles are
identical in ordinary QM. Therefore, the EC Hamilto-
nian can be regarded as positively defined. The demon-
stration goes like that showing that in the Kaluza-Klein
theory there are not tychionic modes despite the fact that
Kaluza-Klein modes can have positive and negative fre-
quencies [7–9]. This shows that — at least in the neutral
case — the non-positively defined Hamiltonian operator
in ECs theory is not an issue, solving such problematic
aspects of CA models. We will see that in general, as con-
jectured by ’t Hooft, the negative solutions correspond to
antiparticles.
E. Equivalence between Elementary Cycles
classical evolution and Feynman path integral
In addition to the exact equivalence with the axioms
of QM, we now rigorously prove that the classical evo-
lution of an EC is equivalent to the quantum evolution
prescribed by the ordinary Feynman Path Integral for the
corresponding elemenetary particle [6–22]. Again, the co-
variant PBCs of the ECs theory play a central role in the
demonstration. The demonstration will be given for the
free case and then generalised to interactions in sec.(V).
As we have already seen in sec.(III A), in the Hilbert
space formalism the evolution of a free EC in its (“ontic”)
time is given by the operator U(dt) = e−iHdt which is
an unitary, hermitian operator. So the evolution from
an initial time ti to a final time tf can be written as the
product of the elementary time evolutions of infinitesimal
duration ǫ:
U(tf ; ti) =
N−1∏
j=0
U(tf + tj+1; ti − tj − ǫ)
with Nǫ = tf − ti, N →∞ and ǫ→ 0.
By plugging the orthogonality relation associated to
the EC inner product in between these elementary time
evolutions we obtain that the EC evolution between two
generic spacetime points Z = U(~xf , tf ; ~xi, ti) is the prod-
uct of elementary spacetime evolutions:
Z=
∫ (N−1∏
m=0
d3xm
)
U(~xf , tf ; ~xN−1, tN−1) . . .U(~x1, t1; ~xi, ti) ,
(10)
where the EC elementary spacetime evolutions are:
U(~xm+1, tm+1; ~xm, tm) = 〈Φˆ~k|e−i[H(
~k)∆tm−~P·∆~xm]|Φˆ~k〉 ,
(11)
and ∆tm = tm+1 − tm, ∆~xm = ~xm+1 − ~xm, and |Φˆ~k〉 =∑
n∈Z |n~k〉 (unitary EC physical state, αn ≡ 1, ∀n).
By construction, the phase of these elementary evolu-
tions (i.e. the phase of the EC physical state) defines an
action which turns out to be formally the classical action
12
SClassic of the free classical-relativistic particle of mass
m and momentum ~k associated to our EC:
SClassic[tf ; ti] =
∫ tf
ti
dt(~P · ~˙x−H) .
In fact, from the phase of the EC physical state, i.e. from
the phase of the elementary evolutions eq.(11), we obtain
~P · ~∆~xm −H∆tm = (~P · ~˙xm −H)∆tm = LClassic∆tm =
∆SClassicm , where the classical Lagrangian is LClassic =
~P ·~˙xm−H with ~˙xm = ∆~x∆tm . Notice that, contrarily to the
EC action eq.(3), this new classical action associated to
the EC is defined on a non-compact spacetime (it is not
subject to PBCs), it is defined on the ordinary relativis-
tic spacetime. The PBCs are encoded on the quantised
spectra of the Hilbert operators.
Finally, by putting all these elements together we ob-
tain the remarkable result that the EC classical evolution
is exactly described by the ordinary Feynman Path Inte-
gral of a relativistic scalar particle of mass m:
Z =
∫
D3xeiSClassic[tf ;ti] . (12)
Thus we have proven that, in the free case, the classical
evolution of an EC is equivalent to the quantum evolution
prescribed by the Feynman path integral. The interpre-
tation of this exact correspondence will be discussed in
sec.(III E 2).
By following the same steps of ordinary QFT, that
is, by redefining the Hamiltonian operators and coordi-
nates in terms of fields, it is now possible to generalise
the Feynman path integral functional to QFT (e.g. to
scalar fields). This substitution has a particular physical
interpretation in ECs theory: an EC can be regarded as
a string vibrating in spacetime with corresponding fun-
damental periodicities, or equivalently as vibrations of
spacetime itself so that the spacetime coordinates can be
substituted with fields (physical states) encoding the har-
monics modes of the spacetime vibrations: x→ Φ~k(x).
1. Further proofs of the exact correspondence between
Feynman path integral and Elementary Cycles evolution
We have just proven that the classical evolution of an
EC is exactly described by the Feynman path integral.
Notice that we have already provided, with an indepen-
dent demonstration, the equivalence with axiomatic QM.
As a further confirmation, among the others, we now
independently prove that, vice versa, the ordinary Feyn-
man path integral of a relativistic free particle yields the
characteristic cyclic evolution in spacetime of an EC. We
will derive the covariant evolution law of a free relativis-
tic EC, characterised by cyclic dynamics, directly from
the ordinary Feynman path integral of a free relativistic
particle. That is, we prove that ECs physics is already
contained implicitly in Feynmann formulation of QM. In
addition to the demonstrations reported below we men-
tion that this correspondence can be also derived graph-
ically with interesting analogies to Feynman chessboard
as reported in, e.g., [9, 16], as well as to the Feynman
educational description of QED, [43].
The ordinary Feynman path integral can be always ex-
pressed as an integral (sum) of Dirac delta functions.
These turn out to describe all the degenerate classical
paths with different winding numbers associated to the
ECs cyclic dynamics. The proof is very simple and it is
based on the Poisson summation already introduced in
this paper. It was first reported on sec.(4.1) of the first
versions (arXiv versions 1 to 4) of the foundational paper
[9]. The form reported here, though it is given for the
free case, can be generalised to interacting particles, as
we will see.
In ordinary QM the Feynman path integral describ-
ing the ordinary quantum evolution of a free relativis-
tic particle from an initial spacetime point xi to a fi-
nal spacetime point xf is formally given by eq.(12). It
is well known that the ordinary Feynman path inte-
gral can also be written as eq.(10), where the elemen-
tary Feynman spacetime evolutions are formally given
by eq.(11), with ∆tm = tm+1 − tm, ∆~xm = ~xm+1 − ~xm,
and |Φˆ~k〉 =
∑
n∈Z |n~k〉, in perfect analogy with the EC
evolution described above — the symbols in this context
are referred to ordinary QM and n ∈ Z obviously means
that we are considering particles and antiparticles.
In ordinary QM as well as in ECs theory, a free rela-
tivistic bosonic particle has normally ordered harmonic
energy spectrum H(~k)|n~k〉 = ωn(~k)|n~k〉 = nω(~k)|n~k〉
with n ∈ Z (i.e. we consider both particle and anti-
particles). The general dispersion relation is ω2(~k) =
~k2+m2. This implies a corresponding harmonic momen-
tum spectrum ~P|n~k〉 = ~kn|n~k〉 = n~k|n~k〉 as well known
for instance for photons whose massless dispersion rela-
tion is ω(~k) = |~k|, so that the normally ordered energy
spectrum ωn = nω actually implies the harmonic mo-
mentum spectrum ~kn = n~k.
By applying the Poisson summation
∑
n∈Z e
−iny =
2π
∑
n′∈Z δ(y+2πn
′) we now find that the ordinary QM
associates a sum of Dirac deltas to the elementary space-
time quantum evolutions of a relativistic particle
U(~xm+1, tm+1; ~xm, tm) =
∑
nm∈Z
e−inm[ω(
~k)∆tm−~k·∆~xm]
= 2π
∑
n′m∈Z
δ
(
ω(~k)∆tm − ~k ·∆~xm + 2πn′m
)
. (13)
These Dirac deltas actually describe classical cyclic paths
characterising an EC, as we shall discuss below in more
detail.
By plugging eq.(13) in the Feynman path integral writ-
ten as in eq.(10) and by using the Dirac delta property∫
d3xmδ(~xm+1−~xm)δ(~xm−~xm−1) = δ(~xm+1−~xm−1) we
finally demonstrate that the ordinary Feynman path in-
tegral of a free relativistic particle is expressed by the sum
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(integral) of Dirac deltas associated to classical cyclic spacetime paths
Z =
∫ N−1∏
j=0
d3xj

 (2π)N ∑
n′
0
,n′
1
,,˙n′
N−1
∈Z
δ
(
ω(~k)∆tN−1 − ~k ·∆~xN−1 + 2πn′N−1
)
δ
(
ω(~k)∆tN−2 − ~k ·∆~xN−2 + 2πn′N−2
)
×
× δ
(
ω(~k)∆tN−3 − ~k ·∆~xN−3 + 2πn′N−3
)
. . . δ
(
ω(~k)∆t0 − ~k ·∆~x0 + 2πn′0
)
= (2π)N
∑
n′
0
,n′
1
,,˙n′
N−1
∈Z
δ
(
ω(~k)(tf − ti)− ~k · (~xf − ~xi) + 2π(n′0 + n′1 + . . .+ n′N−1)
)
= (2π)
∑
n′∈Z
δ
(
ω(~k)(tf − ti)− ~k · (~xf − ~xi) + 2πn′
)
. (14)
The Feynman path integral tells us that the quantum
evolution of a free relativistic particle of four-momentum
kµ is given by the sum (integral) of all the possible cyclic
classical paths of spacetime period λµ between the initial
and final spacetime points.
These elementary spacetime loops are exactly those
prescribed by ECs physics, as can be explicitly read out
from both EC evolution law and PBCs — see next sub-
section for more details. The EC describing a particle
of four-momentum kµ has global spacetime periodicity
λµ = {T,~λ}, such that T (~k) = 2π/ω(~k) and λi = 2π/ki.
That is, the ordinary Feynman path integral eq.(14) de-
scribes all the possible spacetime loops of period λµ be-
tween the initial and final points, according to the covari-
ant EC evolution law
|xµi 〉 → |xµf +mod λµ〉 . (15)
In fact, in the free case, by using the Poisson summation,
the EC physical state can be explicitly written as a sum
over Dirac delta functions
Φ~k(xf , xi) =
∑
n∈Z
ane
inω(~k)(tf−ti)−in~k·(~xf−~xi)
= 2π
∑
n′∈Z
a′n′δ[~k · (~xf − ~xi)− ω(~k)(tf − ti) + 2πn′] , (16)
where a′n′ are the transformed Fourier coefficients ac-
cording to the Poisson summation, [9, 19]. We con-
clude that a unitary EC physical state Φˆ~k (such that
αn ≡ 1 ⇒ α′n′ ≡ 1, ∀n, n′) reproduces the same result
obtained independently from the Feynman path integral
eq.(17).
The demonstration of this correspondence, in the form
given above, is general. It can be generalised to the inter-
acting case. However, in the free case, it is particularly
easy to cross-check, once more, the consistency of this re-
sult. As the Hamiltonian and momentum operators are
global in the free case, the total evolution of a free rela-
tivistic bosonic particle, in ordinary QM [44] as well as
in EC theory, is
Z = U(~xf , tf ; ~xN−1, tN−1)
= 〈Φˆ~k|e−i[H(
~k)(tf−ti)−~P·(~xf−~xi)]|Φˆ~k〉
=
∑
n∈Z
e−i[ωn(
~k)(tf−ti)−~kn·(~xf−~xi)]
= 2π
∑
n′
δ
(
ω(~k)(tf − ti)− ~k · (~xf − ~xi) + 2πn′
)
.(17)
This proves that the ordinary Feynman path integral de-
scribes the classical evolution of a corresponding EC, and
vice versa. We will generalise this result to interactions.
Now we shall interpret its physical meaning.
Thanks to this fascinating exact correspondence it is
in fact possible to give an elegant interpretation, classical
in the essence, of the ordinary Feynman path integral in
terms of the degenerate classical solutions associated to
the contravariant PBCs of the free relativistic EC.
2. Interpretation of the equivalence with the Feynman
formulation
As anticipated above, the exact equivalence between
EC classical evolution end the Feynman path integral
has a very intuitive explanation in terms of classical EC
dynamics.
Due to the PBCs, the classical least action principle
(variational principle) applied to the EC action eq.(3)
yields an infinite number of degenerate solutions corre-
sponding to the periodic paths described by the Dirac
deltas in eq.(17), i.e. the spacetime loops of period λµ.
These are implicit in the covariant EC evolution law
eq.(15).
The evolution of an EC in its “ontic” spacetime can be
in fact regarded as the evolution on a cyclic geometry.
There are an infinite set of paths linking two arbitrary
points on a cylindric geometry. Notice that the initial and
final points of the EC evolution are not necessarily sepa-
rated by integer numbers of spacetime periods; they can
assume any possible value. This infinite set of classical
cyclic paths are labeled by the winding number n′ ∈ Z.
That is, the evolution from Φ~k(xi) to Φ~k(xf + λ) is de-
generate w.r.t. the evolution from Φ~k(xi) to Φ~k(xf+n
′λ)
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(where we have suppressed the Lorentz index).
Indeed, we have seen that the sum of all the degen-
erate classical solutions (expressed as Dirac delta func-
tions) associated to the EC action eq.(3) is equivalent to
the Feynman path integral and vice versa. That is the
meaning of eq.(10) and eq.(14). Hence, the interference
of the classical EC degenerate solutions reproduces the
Feynman variations around the path of the correspond-
ing classical particle, i.e. of the classical path associated
to the action SClassic[tf ; ti] =
∫ tf
ti
dt(~P · ~˙x−H) appearing
in the phase of the path integral. This classical action
is determined by the phase of the covariant EC physical
state.
It is easy to infer in particular from the free case that
if the final point, w.r.t. the initial one, is on the path
of the corresponding classical particle, the interference
among the EC degenerate cyclic paths is constructive,
whereas the interference becomes less and less construc-
tive as the final point moves away from the classical parti-
cle path [6, 9, 10, 22]. It reveals that the classical particle
path corresponds to the maximal probability (construc-
tive interference) associated to the EC evolution. Finally,
notice that this degeneracy of classical paths implicitly
contains the Heisenberg uncertainty principle.
Our description of the Feynman path integral as inter-
ference of periodic classical paths is an example — and
there are many — of the interesting physical aspects im-
plicit in ordinary QM that become manifest in ECs (or
CA) formulation.
It is worth noting a novel aspect w.r.t. the ordinary
interpretation of the Feynman path integral. Accord-
ing to the ordinary Feynman interpretation of QM [40],
the classical variational principle must be relaxed in or-
dinary QM and the evolution of a quantum particle is
give by the sum over all the (classical and non-classical)
paths linking the initial and final spacetime points xi and
xf . On the contrary, the demonstration of the Feynman
path integral given above, sec.(III E 1), shows that only
the classical periodic paths are relevant (in both cases
the time interval of the evolution is divided in slices of
infinitesimal duration, then integrated over the spatial
coordinate xm of each slice). The demonstration given
in sec.(III E 1) is absolutely general, and shows that the
paths relevant to the Feynman path integral are exactly
the classical periodic paths prescribed by the ECs theory,
i.e. the spacetime loops of period λµ. Due to the PBCs,
these periodic paths are the classical degenerated paths
resulting from the classical variational principle applied
to the EC action eq.(3), so that one of the great advan-
tages of ECs formulation of QM is that it preserves the
full validity of the classical variational principle in QM.
It proves an exact correspondence between cyclic evolu-
tion, classical in the essence, and quantum evolution.
Finally, we conjecture that such a over-counting of
paths in the ordinary interpretation of the Feynman path
integral w.r.t. the interpretation emerging from ECs the-
ory could be responsible for the infinite terms (diver-
gences) that must be renormalised in the ordinary ap-
proach. In other words, we conjecture that, by evaluating
the Feynman path integral according to the prescriptions
of the EC theory, one could obtain the finite expression
for measurable quantum quantities avoiding the renor-
malisation process.
IV. INTERACTING RELATIVISTIC
ELEMENTARY CYCLES
So far we have exclusively considered free ECs, char-
acterised by global spacetime periodicities, which turn
out to describe the quantum behaviour of corresponding
free particles, i.e. particles with constant four-momenta.
In this section we must bear in mind that interactions,
i.e. local variations of four-momenta, imply local modu-
lations of the ECs spacetime periodicities.
To achieve the correct description of interactions we
must also remember that (similarly to the Compton clock
or de Broglie internal clock) an EC can be regarded as a
moving relativistic reference clock (time period) and ruler
(wave-length). The duration of the clock period and the
length of the ruler is determined locally by the amount
of energy and momentum associated to the interacting
EC in that point. During interactions these conjugated
quantities vary from point to point, i.e. locally, depend-
ing on the interaction scheme considered, in such a way
that the local phase harmony is satisfied locally. This
provides a fundamental link to the geometrodynamical
description of interactions typical of gravitational inter-
action in GR, resembling original Einstein’s derivation
(roughly speaking “relativity is about clocks and rulers”).
In analogy with GR, the local modulations of periodic-
ities associated to interactions will be encoded in local
geometrodynamics of the “ontic” spacetime coordinates.
In this section we will exclusively describe interactions
at a classical-relativistic level. This means that we will
neglect quantum corrections by consider only the funda-
mental eigenmode (n = 1) of the ECs physical states.
We have already seen in the free case, for instance see
eq. (2), that the fundamental mode corresponds to the
non-quantised scalar field mode of momentum ~k, i.e. to
a classical particle. Here we denote by a prime the quan-
tities associated to interactions: for instance the physical
state of the interacting EC is Φ′~k′ .
In sec.(V) we will derive the quantum behaviour of in-
teracting ECs by simply considering all the ECs harmon-
ics allowed by the PBCs. The quantum corrections are
encoded in the higher modes of the ECs vibrations. The
resulting ECs dynamics will be equivalent to the quan-
tum dynamics of the corresponding interaction scheme.
In this way, in sec.(V) the equivalence with QM will be
fully generalised to the interacting case.
Let us consider a free EC of constant momentum kµ,
i.e. global spacetime periodicity λµ such that kµλµ = 2π,
and let us compare it with the case in which a generic
interaction is switched on. Also, let us denote the re-
sulting, locally varying four-momentum in the spacetime
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point x′ of the interacting EC evolution as k′µ(x
′). The
local variation of four-momentum w.r.t. the free case
can be described by a tetrad eµµ′(x′), which therefore
uniquely encodes the interaction scheme under consider-
ation. That is, if we switch on a generic interaction we
must replace the local four-momentum kµ of the free EC
with a local one according to k′µ′(x
′) = eµµ′(x′)kµ. This
is the generic local momentum of the interacting elemen-
tary classical-relativistic particle associated to the EC.
We show that this generic interaction scheme is de-
scribed by replacing locally the Minkowskian “ontic”
spacetime ds2 = dxµdxνηµν of the the free EC with the
local metric ds2 = dx′µ′dx
′
ν′g
µ′ν′ encoding the interaction
itself. In other words, we prove that interactions (includ-
ing gauge interactions!) are encoded in the corresponding
local metric tensor gµ′ν′ = eµµ′eν′νηµν . In analogy with
GR the effect of interaction is to locally transform the
flat spacetime S of the free EC to the new manifold S′
characterising the interacting EC. The physical quanti-
ties labelled by the prime symbol denotes the manifold
S
′ associated to interacting EC. The locally transformed
metric can be either flat (local rotation) or curved, these
will correspond to describe gauge interactions and grav-
itational interaction, respectively.
To retrieve such a geometrodynamical description of
interactions let us consider the local transformation (de-
formation) of the free EC “ontic” spacetime coordinates
xµ → x′µ′ (X) = xµΓµµ
′
(x)x=X , such that the tetrad in-
troduced above is eµµ
′
= ∂x
′µ′
∂xµ (for the sake of simplicity
we neglect Christoffel symbols, relevant for gravitational
self-interaction and non-abelian gauge theories [7, 45]).
Under this local redefinition of coordintates the free EC
action eq.(3) is transformed to
SEC =
∫
λ′µ′ (X)
d4x′
√−gL(eµµ
′
∂µ′Φ
′
~k′
,Φ′~k′) . (18)
This action describes the interacting EC in the point
x′ = X . It will describe the corresponding quantum ele-
mentary particle subject to a generic interaction scheme.
Notice the local contravariant transformation of the
boundary in the EC action eq.(18). As usual,
PBCs are assumed at the local boundary λ′µ
′
(X) =
λµΓµ
µ′(x)|x=X . This means that the EC located in
X has locally modulated spacetime period Φ′~k′(X) =
Φ′~k′(X + λ
′(X)). We also notice that the metric ten-
sor gµ′ν′ of the new manyfold S′ is the one introduced
above in terms of the tetrad eµµ′ .
When interaction is switched on, the phase harmony
relation for the free EC kµλµ = 2π turns out to be re-
placed by the local phase harmony relation k′µ′τ
′µ′ = 2π
where τµ
′
(x′) is the instantaneous spacetime period of
the EC, such that τ ′µ
′
(x′) = λµeµµ
′
(x′). It transforms
as dx′µ
′
whereas λ′µ
′
(x) transforms as x′µ
′
. Indeed τ ′µ
′
is a space-like tangent four-vector which in general does
not coincide with λ′µ (e.g. in the free case the period
coincides with the instantaneous periodicity: T µ = τµ).
To show that this actually describes interaction we no-
tice that the EC solution of eq.(18) turns out to have
in general locally modulated spacetime period. The fun-
damental solution n = 1 (as well as the generic solu-
tion) of the Euler-Lagrange equation of eq.(18) has in
fact the form of a locally modulated wave Φ¯′~k′(x
′) ∝
e−i
∫
x′µ
′
dyµ
′
k′
µ′
(y). Indeed it satisfies the equation
i∂′µΦ¯
′
~k′
= k′µ′(x
′)Φ¯′~k′ of instantaneous periodicity τ
µ′ (x′),
i.e. of local periodicity λ′µ
′
(x′). It is easy to foresee that
it will yield the Schrödinger equation for interacting ECs.
Hence we have shown that the local transformation of
coordinates from S to S′ actually yields the local vari-
ation of EC four-momentum k′µ′(x
′) = eµµ′(x′)kµ origi-
nally assumed for our interacting EC. It transforms as ∂µ′
and coincides with the local four-momentum of the cor-
responding classical-relativistic bosonic particle of mass
m interacting under our interaction scheme; q.e.d.
In ECs theory interactions are equivalently encoded by
both the local deformations of the EC “ontic” spacetime
gµ′ν′ and the local deformations of boundary λ′µ
′
(x′) of
the EC action eq.(18). Thus in ECs theory the local
boundary provides an holographic description of the par-
ticle dynamics, in analogy with the holographic principle
[46] and the holographic description of extra-dimensional
theories [47, 48]. In ’t Hooft terminology we can say that
the interacting EC is the geometrodynamical “change-
able” obtained through local deformations of the “ontic”
flat spacetime of a free EC.
A. Gravitational interaction and Elementary
Cycles geometrodynamics
To illustrate the meaning of the ECs geometrodynam-
ical description of interactions we first consider an EC
in a weak gravitational (Newtonian) potential V (~x) =
−GM⊙/|~x|. In this particular case the locally trans-
formed metric of the interacting EC is curved, but as
we will see this is not the only possible way to trans-
form the ECs spacetime. Assuming a Newtonian po-
tential, the fundamental energy of the EC located at
distance |~x| from the gravitational centre of mass M⊙
varies, w.r.t. the free case, as ω → ω′ = (1+GM⊙/|~x|)ω.
By considering the EC local phase harmony relation in
the “ontic” time, ω′ = 2π/T ′ (in this weak case we can
approximate τ ′µ
′ ≃ λ′µ′), the EC time period varies as
T → T ′ = (1 −GM⊙/|~x|)T . Therefore an EC, similarly
to a clock, runs slower inside a gravitational well. This
correctly describes two fundamental aspects of GR: time
dilatation and gravitational red-shift.
Furthermore, by considering the transformation of EC
momentum due to gravitational interaction |~k| → |~k′| =
(1 − GM⊙/|~x|)|~k|, the corresponding modulation of EC
spatial period is |~λ| → |~λ′| = (1 − GM⊙/|~x|)−1|~λ|.
We find that the deformation of EC “ontic” metric en-
coding the weak Newtonian interaction is actually the
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Schwarzschild metric ds2 = (1 − GM⊙/|~x|)dt2 − (1 −
GM⊙/|~x|)−1d|~x|2 − |~x|2dΩ2.
We have thus obtained linearised gravity by simply
combining the Newtonian gravitational potential and un-
dulatory mechanics [49]. It is know in literature that,
by considering self-interactions, this approach actually
leads to a consistent derivation of the whole GR. Actu-
ally original Einstein’s approach to GR was based on rel-
ativistic clocks local modulations and the corresponding
geometrodynamical description.
By considering self-interaction (i.e. we have to con-
sider the Christoffel symbols in the expansion of eµa(x)
and τ ′µ
′ 6= λ′µ′ ) it is possible to obtain the Einstein equa-
tion Rµ′ν′ = −8πGT µ′ν′ where Rµ′ν′ is the Ricci tensor
and T µ′ν′ is the ordinary stress-energy-tensor. By giv-
ing dynamics to the metric tensor we can thus write the
Hilbert-Einstein action (modulo boundary terms) for EC
SEC =
∫
λ′µ(X)
d4x′
√−g
[
−gµ′ν′Rµ′ν′
16πG
+ L(eµµ
′
∂µ′Φ
′
~k′
,Φ′~k′)
]
.
(19)
In other words the Ricci tensor describes how the EC “on-
tic” spacetime instantaneous period τ ′µ
′
is curved locally
due to gravitational interaction. Actually, the curvature
of the EC “ontic” spacetime depends on the amount of
EC energy-momentum, i.e. on the EC spacetime instan-
taneous period, in the point X in analogy with the ordi-
nary interpretation of GR.
Such geometrodynamical description of gravitational
interaction has been directly derived from the EC phase
harmony relation, as for undulatory mechanics or wave-
particle duality, in which the local energy-momentum is
fixed by the local spacetime instantaneous period of the
“periodic phenomenon”.
Furthermore our analysis clearly proves that the ECs
“ontic” spacetime coordinates, intrinsically periodic, rep-
resent perfectly consistent sets of relativistic spacetime
coordinates. Indeed ECs mimic the behaviours of rela-
tivistic clocks and rulers. This is due to the fact that
relativity only concerns with the differential structure of
spacetime, i.e. the metric, without giving any particular
prescriptions about the BCs of spacetime. On the other
hand BCs has characterised QM since its earliest days,
see discussion in sec.(VII) and [9, 19–21].
B. Derivation of gauge interaction from
Elementary Cycles geometrodynamics
In ordinary QFT gauge interactions (electroweak and
strong interactions) are postulated, despite early at-
tempts to derive them directly from relativistic space-
time geometrodynamics (e.g. Weyl, Nordström, Kaluza,
Einstein, etc). A surprising, unprecedented property
of ECs physics is that gauge interactions are fully de-
rived directly from the spacetime geometrodynamics of
the theory. That is, gauge interactions are inferred in
perfect correspondence with gravitational interaction in
GR. This property of ECs theory reveals a deep relation-
ship between gauge interactions and GR. The geometro-
dynamical description of gauge interaction that we are
going to present has been originally proven in full math-
ematical details in [7].
We now choose a particular class of local transforma-
tions of the EC “ontic” spacetime coordinates, such that
the metric remains flat, contrarily to the gravitational
case described above, whereas the boundary λ′µ
′
is lo-
cally rotated (transformed). For the sake of simplicity we
only consider the case of electromagnetism, which corre-
sponds to unitary local rotations U(1) of the boundary of
the free EC action. Notice that the Lorentz transforma-
tion described in sec.(II C) is a global rotation of the ECs
boundary: this consideration is very important to inter-
pret the physical meaning of gauge interactions and their
relationship with Lorentz group [7]. As a consequence,
in spite of the fact that the metric remains flat, the local
rotation of the EC boundary implies, through the PBCs,
local instantaneous modulations of EC spacetime instan-
taneous periodicity τ ′µ
′
(X) which in turn corresponds to
local variations of four-momentum, i.e. to an interaction
which is equivalent to electromagnetic interaction as we
are going to see.
The local rotation of the EC boundary reproduc-
ing electromagnetism is induced by the local transfor-
mations of spacetime coordinates xµ → x′µ′ (X) =
xµΛµ
µ′(x′)x′=X where Λµµ′(x′) =˙ δ
µ
µ′ − eΞµµ′(x′). The
parameter e will be identified with the electric charge.
The tetrad of the transformation is such that eµµ
′
(x′) =
∂x′a
∂xµ = δ
µ
µ′ − eξµµ′(x′) where ξµµ′(x′) ∈ U(1) is a pecu-
liar unitary subclass of Killing vectors on the spacetime
defined by the interacting EC. For reasons that will be
clarified below, they will addressed as “polarised” rota-
tions.
Under this transformation the EC “ontic” spacetime in
fact transforms locally from a flat metric to another flat
metric. That is, the assumption of the Killing vectors
guarantee that
√−g′ = 1. Notice that this transforma-
tion of coordinates has no effect in ordinary QFT where,
actually, the BCs play no roles in the derivation of the
field solutions and propagators: in QFT the field solution
(e.g. the Klein Gordon field) is the most general solution
of the equations of motion. This is why in ordinary QFT
gauge interaction must be postulated and it cannot be
derived from spacetime geometrodynamics.
Let us prove that the interaction corresponding to
these ECs geometrodynamics is equivalent to the ordi-
nary electromagnetic interaction [7]. The effect of this
transformation on an EC located in x′ = X is a lo-
cal modulation of the spacetime periodicity. Indeed,
though the spacetime remains flat, the local EC ac-
tion turns out to have a local rotation of the boundary
λ′µ
′
(X) = δµ
′
µ λ
µ − eλµΞµµ
′
(x′)|x′=X .
In fact, as a consequence of this transformation of co-
ordinates, the action eq.(18) describing our interaction
scheme in this case is on a flat metric with locally ro-
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tated boundary
SEC =
∫
λ′µ′ (X)
d4x′L(eµµ
′
∂µ′Φ
′
~k′
,Φ′~k′) . (20)
The resulting local modulation of EC instantaneous
period is thus τ ′µ
′
(x) = δµ
′
µ λ
µ − eλµξµµ
′
(x). It is now
convenient to introduce the vectorial field defined as
Aµ′(x) =˙ ξ
µ
µ′(x)kµ. As it can be checked from the lo-
cal phase harmony relation kµ′(x)τµ
′
(x) = 2π, in this
case the resulting local variation of EC four-momentum
takes the familiar form k′µ′(x) = kµ′ − eAµ′(x) typically
associated to gauge interaction. Our interaction scheme
is therefore formally described by the ordinary minimal
substitution of electromagnetism.
The fundamental EC solution (n = 1 denoted by
the bar symbol or the generic EC solution) result-
ing from the local PBCs of eq.(20) has local instanta-
neous periodicity τ ′µ
′
(x), that is, as we have seen, it
has the form of a locally modulated wave Φ¯′~k′ (x
′) ∝
eie
∫
x′µ
′
Aµ′ (y)dy
µ′
e−ikµ′x
′µ′
which can be written as
Φ¯′~k′(x
′) = U(x′)Φ¯~k(x
′) where U(x′) = eie
∫
x′µ
′
Aµ′ (y)dy
µ′
.
Notice that the local modulation of EC period U(x′)
w.r.t. the free case describes the gauge connection,
i.e. the Wilson line, of ordinary electromagnetism. Thus
the gauge connection U(x′), which must postulated in
ordinary QFT in order to derive gauge invariance, in the
EC theory has been directly derived from the relativis-
tic geometrodynamics of the ECs spacetime dimensions
as modulating term of the EC spacetime period. Hence,
the so-called internal transformation of gauge interaction
is directly obtained as transformation of the EC solution
associated to local “ontic” spacetime geometrodynamics:
δΦ~k = Φ
′
~k′
− Φ~k = ieAν′Φ~kδx′ν
′
. This proves that actu-
ally electromagnetism (or in general gauge interactions)
can be derived from spacetime geometrodynamics in per-
fect correspondence with gravitational interaction.
It is possible to see even more explicitly that these
geometrodynamics excactly describes ordinary gauge in-
teractions. It is in fact quite inconvenient to work with
an action whose boundary λ′µ
′
(x′) varies from point to
point, as in eq.(20). It is convenient to rewrite the EC
action eq.(20) in an equivalent form, in such a way that
it has as solution the same interacting EC physical state
Φ′~k′ of local instantaneous periodicity τ
′µ′ (x′) described
above, but whose boundary is kept global (constant), for
instance, to λµ as for the free action eq.(3).
Such an equivalent action with global boundary and
locally modulated solution can be easily written by con-
sidering that, as well-known, “covariant derivatives allow
for a background independent description of physics” and
thus for a description independent from the BCs — the
background in our case is locally rotated causing a local
rotation of the boundary whereas the metric stays flat.
Actually, as shown in [7], covariant derivatives can be
used to “tune” the local periodicity of a a locally modu-
lated field solution to the global periodicity imposed by
the fixed boundary of the new action. It is straightfor-
ward (for a rapid check substitute Φ~k = U
−1Φ′~k′ in the
free EC action) to prove that the action eq.(20) can be
equivalently written as
SCA =
∫
λµ′
d4x′
[
−1
4
Fµ
′ν′Fµ′ν′ + L(Dµ′Φ′~k′ ,Φ′~k′)
]
,
(21)
where theDµ′ = ∂µ′−ieAµ′(x) is the covariant derivative
of the gauge interaction. Please refer to [7] for a detailed
description.
In the Lagrangian density L(Dµ′Φ′~k′ ,Φ′~k′) =
L(U−1Dµ′Φ′~k′ , U
−1Φ′~k′) both terms have fixed peri-
odicity λµ, as U−1Dµ′Φ′~k′ = ∂µΦ~k and U
−1Φ′~k′ = Φ~k.
The global PBCs of (21) are therefore satisfied despite
the fact that the solution Φ′~k′ has locally modulated
periodicity.
Notice that in general the only terms determining the
periodicity of the EC physical state Φ′~k′ are the deriva-
tive terms of the Lagrangian density. Only the derivative
terms are relevant for the BCs (these are the only terms
generating, through integration by parts, boundary terms
when we vary the action). In the non derivative terms
the modulation of local periodicity U−1 is not relevant.
Obviously this is clear manifestation of gauge invariance.
The introduction of the covariant derivative in (21) is
directly related to the necessity to satisfy the PBCs of the
theory and thus the variational principle at the boundary
points. Hence the two actions eq.(20) and eq.(21) have
the same solution Φ′~k′ so that they describe the same
physics. In particular they actually describe the same
local modulation of periodicity λ′µ
′
(x′) that, as we have
seen, describes electromagnetic interaction.
In eq.(21) we have also included the field strength
Fµ′ν′ = ∂µ′Aν′ − ∂ν′Aµ′ in order to give dynamics to the
vectorial field Aµ′ , in analogy with the dynamical term of
the metric gµ
′ν′ in Hilbert-Einstein action eq.(19). The
form of the kinetic term Fµ
′ν′Fµ′ν′ is obliged by the fact
that only in this form the local period of Aν′ , in general
different from λµ(x), can be always “tuned” to the global
PBCs imposed by the action eq.(21). That is indeed a
gauge invariant term, see more details in [7].
Furthermore it implies that Aµ′ satisfies the Maxwell
equations. Since the equations of motion of Aµ′ (the
Maxwell equations) restrict the general form of ξµµ′ we
can actually say that the unitary Killing vector describing
the geometrodynamcis of electromagnetism is “polarised”
as anticipated above.
There are many others fascinating details worth to
mention fully confirming the equivalence between flat
ECs geometrodynamics and gauge theories [7]. Among
them we could mention for example that, in our descrip-
tion, gauge invariance is manifestly a consequence of the
holonomy of the ECs theory, i.e. of the general fact that
the “boundary of the boundary is zero”.
By adding a boundary term to the local boundary
λµ
′
(x′) of the EC action we must obtain an invariance
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of the theory. Such “boundary of the boundary” can be
obtained by adding a total derivative term to the local
boundary; that is, by adding a local term proportional
to ∂µ′θ(x′) to ξµµ′(x
′). As a consequence of the local
phase harmony and the definition of Aµ, the resulting
local transformation of k′µ′ implies the (gauge) transfor-
mation A′µ′(x
′) = Aµ′(x′) − e∂µ′θ(x′). Due to the def-
inition of Aµ, it actually appears in an integral on the
phase of the locally modulating term U(x′). The result-
ing “boundary of the boundary” term corresponds to the
local phase invariance Φ′′~k(x
′) = e−iθ(x
′)Φ′~k(x
′).
Obviously such holonomy of the EC geometrodynamics
actually describes gauge invariance. The ECs theory is
therefore defined modulo gauge orbits. Thus we have ex-
plicitly proven that such interacting EC described by ac-
tion eq.(21), or equivalently by action eq.(20), has gauge
invariance U(1).
Remarkably, a similar geometrodynamical analysis of
the correspondence between gauge interactions and grav-
itational interactions has been successfully applied to
mathematically prove — for the first time in literature,
as far as known by the author — the central correspon-
dence of Maldacena conjecture, also known as AdS/CFT
correspondence or gauge/gravity duality [8, 17].
C. Toward a formulation of fermionic Elementary
Cycles
Here we discuss an attempt of generalisation of the
ECs free bosonic dynamics to free fermionic ones. Ob-
viously, considering that the periodic dynamics charac-
terising ECs are determined by the Compton periodicity,
we expect to find deep correspondences to the zitterbe-
wegung description of Dirac solution. As discovered by
Schrödinger, the Dirac equation implies that fermions are
characterised by intrinsic cyclic dynamics, related to the
Compton period, which in turn lead to intuitive semi-
classical interpretations of peculiar fermionic behaviour
aspects such as spin and intrinsic magnetic momentum.
Here we adopt an approach suggested by Hestenes’ for-
malism of spacetime algebra for the zitterbewegung [50]
(combined with some ideas of Penrose’s twistor theory).
Let us considerer the following global redefinition of the
free EC “ontic” spacetime coordinates: xµ → xαβ˙ =
xµγαβ˙µ ≡ x/ where α, β are spinorial indexes and γµ is
the Dirac matrix. The aim is to “twist” the cyclic space-
time geometry of a scalar EC in order to encode the Dirac
equation into the resulting geometrodynamics. Again, we
have assumed a global transformation because we want
first to describe free fermions, i.e. global “twisted” peri-
odicity, and then generalise to interactions.
Under this local “twist” of cyclic spacetime coordinates,
the Minkowski metric of the free scalar EC “ontic” space-
time ds2 = dxµdxνηµν is therefore replaced by ds2 =
Tr(dx/dx/)/4 ≡ Tr(γµγν)dxµdxν/4 where we have used
the Clifford algebra property Tr(γµγν) = 4ηµν . The EC
four-momentum kµ and the operator ∂µ are transformed
to kµ → kβ˙α = γµβ˙αkµ ≡ k/ and ∂µ → ∂β˙α = γ
µ
β˙α
∂µ ≡ ∂/ ,
respectively.
According to this “twist” of the EC coordinates, the
fundamental mode (or a generic mode) of a bosonic EC
physical state Φ¯~k(x) ∝ e−ikµx
µ
, satisfying i∂µΦ¯~k(x) =
kµΦ¯~k(x) and (∂
2 − m2)Φ¯~k(x), must be replaced by the
generic mode of the EC fermionic physical state which
(we have suppressed prime indexes and symmetrised the
phase) has the form Ψ¯k/(x) ∝ χe− i4Tr(k/·x/) where χ is a
spinorial basis.
The resulting fermionic EC physical state turns out to
satisfy iγµ∂µΨ¯k/(x) = k/ Ψ¯k/(x) and thus the Dirac equa-
tion (iγµ∂µ−m)Ψ¯k/(x) = 0. Actually, the Dirac equation
is the “square root” of the Klein-Gordon equation. In
analogy with the discussion in the derivation of the “ax-
iom of the motion”: (∂2 + m2)Ψ¯k/(x) = (−i∂/ − m)(i∂/
−m)Ψ¯k/(x) = 0. The EC spacetime periodicity (which in
the global case is equivalent to the instantaneous period-
icity) is “twisted” according to λµ → λαβ˙ = λµγαβ˙µ ≡ λ/
.
According to this analysis the free Dirac dynamics are
related to a “twist” of the EC cyclic dynamics in order to
pass from bosonic to fermionic dynamics. In other words
the topology of the EC spacetime determines the type of
particle associated to it. Such “twisted” geometrodynam-
ics can be associated to the zitterbewegung, according to
Hestenes’s spacetime algebra approach (with some analo-
gies to twistor theory).
The zitterbewegung is directly inferred from the com-
plex phase factor of the fermionic wave-function [50].
It characteristic period is half the Compton period of
the bosonic EC. Such geometrodynamics associated to
the fermionic EC physical state can also be regarded
as induced by anti-periodicity4, which in turn leads to
the Pauli exclusion principle, i.e. to the spin-statistics,
similarly to field theory at finite temperature where the
fermions are characterised by anti-PBCs in the Euclidean
time, as we will discuss in sec.(VB.).
Similarly to the bosonic case, one can introduce cre-
ation and annihilation operators. As also pointed out by
’t Hooft [2] (which actually proposes an alternative way
to derive fermionic dynamics in CA models, which can
be generalizated to ECs theory and explicitly tested in
graphene physics [13]) the negative modes associated to
fermionic ECs are consistently interpretable as holes in
the Dirac sea. This solves the problem of the negativity
of the Hamiltonian operator in the relativistic fermionic
case as well. In general, the negative modes in the EC
theory describe antimatter whereas, as we will see, ECs
Hamiltonian operators are always positively defined in
the non-relativistic limit.
4 The BCs allowed by the variational principle to a fermionic action
are non trivial. For the scope of this paper they can be regard
as anti-PBCs
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The ECs description of antimatter is confirmed exper-
imentally by carbon nanotubes whose cylindric geometry
implies that the elementary charge carriers (i.e. the elec-
trons) actually behave as ECs on a lattice: they acquire
an effective mass fixed by their rest periodicity (the car-
bon nanotube diameter), the negatives modes associated
to these cyclic dynamics correspond to holes in the Dirac
sea (the Fermi sea of graphene physics), and the Dirac
dynamics (pseudo-spin) emerges from the graphene sub-
lattice in agreement with ’t Hooft derivation of fermionic
dynamics in CA models [6, 11–13].
The generalisation of the free ECs fermionic dynam-
ics to interactions can be achieved by following the same
steps of the bosonic case. Interacting fermionic ECs are
described by local modulations of the zitterbewegung. In
particular we can describe classical electrodynamics by
assuming the following local modulation of the free zit-
terbewegung, i.e. of the “twisted” periodicity described
above: γµ → γ′µ′(x′) = γµeµµ′(x′) = γµ(δµµ′ − eξµµ′(x′))
where the polarised Killing vector ξµµ′(x
′) ∈ U(1) de-
fines the electromagnetic field Aµ′(x′) = ξµµ′(x
′)kµ sim-
ilarly to the bosonic case. In this way the equations of
motion of the fermionic EC interacting electromagneti-
cally turns out to be (i∂/ − eA/ − m)Ψ′k′/ (x′) = 0 where
k′µ′(x
′) = kµ′ − eAµ′(x′), in agreement with ordinary
QED.
V. INTERACTION: GENERALISED
EQUIVALENCE TO QM
So far we have described interactions at a classical
level, neglecting quantum corrections. We have success-
fully described interactions as local modulations of space-
time periodicity, but we have only considered the fun-
damental vibrational mode, labeled by n = 1, for the
interacting case. In order to describe the quantum be-
haviours of interacting particles we must bear in mind
that the constraint of intrinsic periodicity is the quanti-
sation condition of the ECs theory.
As we have seen for the free case, all the possible
vibrational eigenmodes allowed by the EC periodicity
(PBCs) must be consider in order to describe the quan-
tum dynamics of a particle. Indeed an interacting EC
can be regarded as particle in a locally deformed peri-
odic “spacetime box” of locally modulated period λ′µ
′
(x).
Thus, along the evolution of an interacting EC, say in
x′ = X , the quantisation is locally given by the local
PBCs Φ′~k(X) = Φ
′
~k
(X + λ′(X)). Contrarily to the free
case, in the interacting case the resulting spectra are in
general non-harmonic due to the deformed “ontic” space-
time gµ
′ν′ (similarly to an non-homogeneous classical vi-
brating string).
The equivalence between interacting ECs physics and
ordinary quantum description of interacting elementary
particles (axioms of QM, commutation relations, Feyn-
man path integral, etc) is obtained by generalising the
demonstrations given for the free case from global peri-
odicity to local periodicity.
As already said, in the free case, the generic EC phys-
ical state, solution of the free action eq.(3) has the form
eq.(2). From the free EC physical state Φ~k, the global
PBCs at λµ, i.e. Φ~k(x) = Φ~k(x + λ), implies the har-
monic quantisation condition kµnλ
µ = 2πn in every
point x of its free evolution, i.e. globally. It repre-
sents the generalisation to relativistic free particles of
the Bohr-Sommerfeld quantisation condition. From this
we have obtained the energy spectrum dispersion rela-
tion of the normally ordered second quantised free field:
ωn(~k) = n
√
m2 + ~k2.
In the interacting case the eigenmodes of the EC phys-
ical state, solution of the equations of motion of the ac-
tion eq.(18), have the generic form of a modulated wave
φ′~k′ (x
′) ∝ e−i
∫
x′ dyµ
′
k′
µ′
(y). As proven in sec.(IV), k′µ′ is
the four-momentum of the interacting elementary par-
ticle described by our locally modulated EC. The local
period λµ(x) imposed as constraint to the EC physical
state by means of the local PBCs of (18), implies the lo-
cal quantisation condition
∮
x′ dy
µ′k′µ′n(y) = 2πn in the
point x′ of its evolution characterised by interaction.
In simple words, the only possible vibrational modes
of an interacting EC are those with integer numbers of
cycles along a local period, i.e. closed orbits, similarly to
a non-homegenous vibrating string. This determines the
EC local quantised spectrum and the local momentum
eigenstates φ′~k′n(x
′) = ei
∫
x′ d~y·~k′n(y). We will see that
this description correctly reproduces the quantum inter-
actions from QED to non-relativistic Schrödinger prob-
lems.
As for the free case, despite the local character of the
periodicity, it is easy to see that in the interactiong case
the local momentum eigenstates form locally a complete,
orthogonal set, so that they define a local Hilbert space of
basis |n〉, such that locally 〈~x|n〉 =˙φ′~k′n(~x). The related
local inner-product is 〈n′|n〉 = δn,n′ . Thus the evolution
of an interacting EC is represented by a point in the
corresponding local Hilbert space |Φ′~k′ 〉 =
∑
n∈Z αn|n〉.
With this we have generalised the axiom of the states.
We are finally able to show that the classical-
relativistic cyclic dynamics of interacting ECs are equiva-
lent to the ordinary QM of the corresponding interacting
particles. The equations of motion of the interacting ECs
are equal to those prescribed by QM for interacting par-
ticles.
It is convenient to introduce a four-momentum Hilbert
operator. For the free case, we define the four-momentum
operator as Pµ = {H,− ~P}. According to our geometro-
dynamical description of interaction, see sec.(IV), the
local four-momentum operator of the interacting EC is
given by the transformation P ′µ′(x) = eµµ′(x)Pµ, where
P ′µ′ = {H′,− ~P ′} defines the local Hamiltonian and mo-
mentum operators for the interacting case.
They are Hermitian operators due to the PBCs of the
theory, and describe the spectra of the interacting EC in
20
its local Hilbert space. Indeed the EC four-momentum
local spectrum is P ′µ′(x)|n〉 = k′µ′n(x)|n〉. We have gen-
eralised the axiom of the observables.
The EC local periodicity implies that the EC evo-
lution is given locally by i∂µ′ |Φ′~k′(x)〉 = P ′µ′ |Φ′~k′(x)〉.
Its time component describes the ordinary time depen-
dent Schrödinger equation of interacting quantum sys-
tems i∂t|Φ′~k′ 〉 = H′(t)|Φ′~k′ 〉. By construction it turns out
to be written in terms of the same time dependent Hamil-
tonian operator prescribed by ordinary QM for the cor-
responding interaction scheme as we are going to show
below. We have generalised the axiom of the motion.
With these results at hands, by following the same
steps described in sec.(III A) and by paying particular at-
tention to the role of the local PBCs, it is now straight-
forward to check the correspondence of the interacting
ECs dynamics to the axiom of the measurement and, in
particular to the Bohr rule.
Similarly it is straightforward to generalise the demon-
stration given in sec.(III B) and check the validity of
the commutation relations for interacting ECs [xi,P ′j ] =
iδi,j . We conclude that there is an exact equivalence be-
tween ECs dynamics, classical in the essence, and the ax-
iomatic QM and Dirac quantisation prescription in both
the free and interacting cases.
The generalisation to interactions of the exact equiva-
lence to the Feynman path integral follows easily by con-
sidering that, similarly to the free case, see (11), the local
infinitesimal spacetime evolution operator of our modu-
lated EC is U(dxm) = e−i(H′dtm− ~P′·d~xm).
According to our description of interactions, its phase
locally defines the action S ′Class, which actually cor-
responds to the action of the classical-relativistic par-
ticle associated to the EC and interacting under the
same generic interaction scheme: −H′dtm + ~P ′ · d~xm =
(~P ′ · ~˙xm −H′)dtm = L′dtm = dS ′Classm , where L′Class =
~P ′ · ~˙xm − H′ (written in terms of Hilbert operators), so
that S ′Class[tf , ti] =
∫ tf
ti
L′Classdt . As anticipated, H′ is
therefore the ordinary time dependent Hamiltonian asso-
ciated to the interaction scheme under consideration.
The elementary spacetime evolutions of interacting
ECs, being written in terms of infinitesimal spacetime
intervals, have the same form as for the free case, see
eq.(11), but the constant Hamiltonian and momentum
operators of the free case must be now vreplaced by the
local ones of the interacting case, i.e. H′ and ~P ′.
The product of integrals
∫ Dx resulting from eq.(10)
is not trivial in the interacting case (as in the ordinary
Feynman formulation) due to the fact that the Hilbert
space defined by the interacting EC is local. It takes
into account that in every point of the interacting EC
evolution (as for an ordinary interacting quantum par-
ticle) a different, local, complete and orthogonal set of
eigenfunctions is defined.
In this way we have generalised the equivalence to the
Feynman path integral eq.(12) to the interacting case. In
short we have the remarkable result that the classical evo-
lution of an interacting EC is equivalent to the ordinary
Feynman Path Integral for that interacting scheme
Z =
∫
D3xeiS′Class[tf ,ti] , (22)
where S ′Class is, by construction, the action of the corre-
sponding interacting classical-relativistic particle of mass
m.
A. Equivalence to Quantum ElectroDynamics
As we have proven in sec.(IVB), classical electromag-
netism is directly inferred from the geometrodynamics
of the EC “ontic” spacetime, without postulating gauge
invariance. These geometrodynamics are unitary (po-
larised) rotations of the EC “ontic” spacetime boundary
with flat metric. We recall that the local modulation
of the EC instantaneous periodicity associated to elec-
tromagnetism is τµ(x) = δµ
′
µ λ
µ − eξµµ
′
(x)λµ. Through
the local phase harmony this corresponds to the mini-
mal substitution of classical electromagnetism k′µ(x) =
kµ − eAµ(x), as soon as we consider our definition of
vectorial field Aµ′ =˙ ξµµ′kµ.
In particular we have seen that the resulting dynam-
ics of the EC fundamental state (i.e. the EC mode
n = 1) are formally described by the ordinary classi-
cal (non-quantised) Yang-Mills action of classical elec-
tromagnetism eq.(21). To derive QED, i.e. to extend our
description of electromagnetism to QM, we must as usual
consider all the possible harmonics allowed to the EC by
its local periodicity imposed as constraint by means of
the local PBCs: the quantisation condition in ECs the-
ory is the constraint of local intrinsic periodicity.
In ECs theory, the quantised dynamics of electromag-
netism (QED) can be easily inferred by using the for-
malism of the Hilbert space. According to the equiva-
lence of interacting EC dynamics to QM, the local four-
momentum operator resulting form the geometrodynam-
ics that, as we have proven, are associated to electromag-
netism is P ′µ′(x) = eµµ′(x)Pµ = Pµ′ − eAµ′(x), where Aµ′
must now be interpreted as a Hilbert operator.
From the phase of the interacting EC it follows that the
resulting Lagrangian describing this particular case of EC
interaction takes the familiar form LEM = Lfree+eAµJµ
where Jµ = dxµ/dt. In other words it turns out to be for-
mally the Lagrangian of an ordinary relativistic particle
interacting electromagnetically. Such bosonic description
can be extended to ordinary QED by using the formalism
of fermionic EC described in sec.(IVC).
By substituting LEM in the action eq.(23) we finally
have that the full classical-relativistic evolution of such
an EC with U(1) local rotation of the boundary is exactly
described by the ordinary (bosonic) QED [7]:
Z =
∫
D3xei
∫ tf
ti
dt(Lfree+eAµJ
µ) . (23)
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Notice that in EC theory QED has been directly derived
from constrained classical-relativistic geometrodynamics,
without postulating gauge invariance, and without relax-
ing the classical variational principle, and without impos-
ing any quantisation condition except intrinsic periodic-
ity.
ECs description of QED is particularly convenient
as it allows us to easily stress out fundamental quan-
tum aspects of electromagnetism. For instance, in the
Hilbert space formalism, the local modulations associ-
ated to these geometrodynamics w.r.t. the free case
are given by the ordinary scattering matrix of QED
S(x) = eie
∫
xµ dxµAµ , which is actually the operator asso-
ciated to the gauge connection U(x′) describing the local
modulations w.r.t. the free case. It is in fact easy to see
that the electromagnetic interacting EC in the Hilbert
space formalism is given by |Φ′~k′(x)〉 = S(x)|Φ~k(x)〉.
From the gauge connection U(x′), the PBCs of the
interacting EC solution Φ′~k′(x), together with those of
the free EC Φ~k(x), directly implies the Dirac quantisa-
tion condition for magnetic monopoles: e
∮
x′
dyµAµ(y) =
egn = 2πn. It has been proven in a number of papers
[11–13] that with similar arguments it is also possible
to derive, for example, all the fundamental aspects of
superconductivity directly from first principles of QM
(i.e. from intrinsic periodicity) rather than from micro-
scopic, empirical considerations about the materials typ-
ical of the ordinary BCS (Bardeen-Cooper-Schrieffer) de-
scription, as describe in [11–13, 51]. We will give some
more detail in the next subsection.
Similarly ECs allow for a straightforward derivation of
the peculiar quantum behaviour of electrons in graphene
systems [12]. In particular, electrons in a carbon nan-
otubes with N carbon atom along the diameter behaves
as a ECs whose “ontic” compact word-line (of Compton
length) is on a lattice of N sites (i.e. relativistic CA of
N sites). In this way it is possible to test explicitly that
the negative EC modes correspond to holes in the Dirac
sea [13], in full confirmation of ’t Hooft’s conjecture.
B. Elementary Cycles at finite temperature
To fully appreciate the exact correspondence of ECs
dynamics and ordinary QM, and the power of ECs the-
ory in describing non-trivial quantum phenomena, it is
not possible not to mention the straightforward descrip-
tion of statistical quantum systems — field theory at
finite temperature — allowed by the theory. For the
sake of simplicity we will only consider time component
of Minkowskian and Euclidean persistent periodicities
characterising respectively pure quantum systems and to
thermal systems at the equilibrium, i.e. isolated ECs and
ECs at finite temperature, respectively.
The Minkowskian and Euclidean time periodicities can
also be addressed as purely quantum and thermal peri-
odicities. Summarising we will see that they have oppo-
site physical meaning: Minkowskian periodicity describes
the purely recursive phenomena characterising QM (per-
fect coherence), the Euclidean periodicity describes the
purely dissipative phenomena characterising systems at
finite temperature (thermal dissipation). Every quantum
system at finite temperature is described by the compe-
tition of these two aspects.
It is well known that the quantisation of classical ther-
mal systems (statistical systems) at temperature T is
achieved by imposing the constraint of Euclidean time
periodicity of duration β = 1/kBT , where kB is the
Boltzmann constant and kBT is the thermal energy. This
quantisation prescription — Matsubara theory — as well
as Wick’s rotations and analytical continuation — are of-
ten believed to be a mere “mathematical tricks”, without
physical motivations.
On the contrary, such a mathematical trick has a deep
physical motivation which becomes manifest in ECs the-
ory. Actually, in the ECs theory the quantisation of clas-
sical elementary system of energy ω is obtained by impos-
ing the intrinsic Minkowskian time periodicity T = 2π/ω
as constraint. Furthermore ECs physics provides a simple
explanation, in a unified view, of the correspondence be-
tween the partition function of statistical mechanics and
the path integral (already derived from ECs dynamics)
of QM. The partition function of a quantum statistical
system is a direct consequence of cyclic dynamics in the
Euclidean time as the Feynman path integral is the di-
rect consequence of cyclic dynamics in Minkowskian time.
Indeed, the Matsubara theory (field theory at finite tem-
perature) represents an (further) indirect confirmation of
the equivalence between ordinary QM (in allt its funda-
mental aspects) and cyclic dynamics.
We have seen that an EC is characterised by a persis-
tent periodicity in time T = 2π/ω such that the physical
state is constrained to satisfy PBCs Φβ(t) = Φβ(t + T ),
where we have omitted the label ~k denoting the depen-
dency on the spatial momentum and we have introduced
a label β indicating that the ECs is at finite temperature
T . By using a terminology close to condensed matter
textbooks we can address the Minkowskian periodicity
of a free ECs described so far as the condition of “perfect
quantum coherence” of pure quantum systems (at zero
temperature). Clearly the free isolated ECs described so
far refer to quantum particles at zero temperature: they
form perfectly coherent states.
In simple words, the perfect quantum periodicity
(Minkowskian periodicity) characterising ECs is referred
to the ideal case of zero temperature (isolated systems:
pure quantum systems characterised by perfect coher-
ence), exactly as the uniform rectilinear motion is an
ideal case of isolated systems in classical mechanics (iso-
lated systems, no interactions and in particular no fric-
tion according to Newton’s first principle).
We typically do not see the perfect coherence of QM
due to the effect of the thermal noise in ordinary systems,
as much as we typically do not typically see objects in
pure uniform rectilinear motion due to the effect of fric-
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tion. Nevertheless QM, and in particular quantum phe-
nomena in condensed mater, see next subsection, can be
inferred from the ideal case of perfect intrinsic periodic-
ity as much as classical physics can be inferred from the
ideal case of perfect isolated systems.
Let us now prove that, for an EC is at finite tempera-
ture, the Boltzmann probability implies the Euclidean
periodicity of finite temperature field theory. We re-
call that, due to the Minkowskian time periodicity (dis-
crete Fourier transformation), the time component of
the ECs physical state at temperature T is Φβ(t) =∑
n∈Z aβnφn(t)/
√
(2π)32ωn. The energy spectrum is
ωn = nω and the eigenmodes are φn(t) = e−iωnt/
√
2π,
see sec.(I A). In the thermal case the Fourier coefficients
aβn are determined by the Boltzmann probability and by
the Born rule inferred from ECs dynamics in sec.(III A).
That is, in the thermal case, the probability to populate
a level (EC harmonic) of energy ωn is proportional to
aβn ∝ e−ωn/kBT = e−nωβ = e−2πnβ/T .
Notice that, in analogy with our geometrodynamics
description of interactions such physical state at finite
temperature Φβ can be directly obtained by assuming
the following substitution of the time variable t → t′ =
(t−iτ)τ=β in the unitary physical state Φˆ(t−iβ) = Φβ(t)
— neglecting normalisation factors.
From the definition of Hamiltonian operator for a free
EC we can associate to aβn the operator e
−βH such that
e−βH|n〉 = aβn|n〉. From the trace of this operator we
can now define the partition function Z of a free EC
at temperature T : Z = Tr(e−βH) = ∑n〈n|e−βH|n〉 =
1/(1 − eβω) = 1/(1 − e2πβ/T ). For instance, the mean
energy of an EC at temperature T is E = ωN where
N = 1/(e2πβ/T − 1).
In all these relations we notice that the Euclidean and
the Minkowskian periods β and T appear in competi-
tions each other, i.e. in the ratio β/T . On one hand
the phasor of a free EC has the generic form e−inωt. It
describes an perfect periodic phenomenon of persistent
periodicity, which is the peculiar character of pure iso-
lated quantum systems (perfect coherence) and, in par-
ticular, of quantum systems at zero temperature. On the
other hand the thermal coefficient has the generic form
e−2πnβ/T . It describes the dumping, i.e. a dissipation, of
the Minkowskian periodicity of pure quantum phenom-
ena resulting from the thermal diffusion (gaussian law).
The Minkowskian periodicity T encodes a perfect quan-
tum coherence whereas β encodes the thermal dissipa-
tion associated to the chaotic collisions responsible for
the thermal noise.
This competition between pure time periodicity
(Minkowskian periodicity) and thermal noise (Euclidean
periodicity) can be easily understood if we consider the
nature of temperature in statistical systems. Tempera-
ture is the manifestation of the so called thermal noise,
i.e. of the chaotic collisions among particles, i.e. among
ECs. Clearly, as the ECs time periods are determined
by their energies, the continuous collisions (sudden vari-
ations of energies) resulting from the thermal noise leads
to a dumping (dissipation) of the ECs Minkowskian pe-
riodicities which is continuously broken by the thermal
noise. Such thermal dumping is therefore represented
by an exponential decay of the ECs periodicities. It
can be actually obtained by replacing the (Minkowskian)
time in the phasor e−inωt = e−i2πnt/T with an imaginary
(Euclidean) time in order to get the Boltzmann factors
e−2πnβ/T .
These considerations are interesting to clarify the phys-
ical meaning of the mathematical trick of the Wick’s ro-
tation and analytical continuation. Indeed, by applying a
Wick rotation to a field theory, or other theories based on
undulatory mechanics such as ECs theory, we pass from
pure coherent phenomena (no dissipation of periodicity)
characterising QM and encodes in the imaginary expo-
nential (phasor) e−inωt = e−i2πnt/T (imaginary exponen-
tial) to the dissipative phenomena characterising systems
at finite temperature (thermal noise) and encoded by
the dumping factor e−2πnβ/T (real exponential). Sum-
marising we have the following correspondence: QM de-
scribes pure recursive phenomena, upon Wick’s rotation,
describes dissipation, i.e. thermal phenomena [52, 53].
In order to encode the effect of the dumping of the peri-
odic behaviour associated to the thermal noise, the tem-
perature T can be therefore parametrized in ECs physics
as an Euclidean time of value β. Obviously such Eu-
clidean time coordinate τ doesn’t flow contrarily to the
Minkowskian time coordinate such that τ = β. Further-
more, the partition function introduced above tells us
that such Euclidean time has an intrinsic periodicity β
[54, 55].
Vice versa, it is now straightforward to generalise the
demonstration of the Feynman path integral from the
cyclic dynamics of duration ti − tf associated to an in-
trinsic Minkowskian periodicity Φ(~x, t) = Φ(~x, t+T ), see
sec.(III E), to find that cyclic Euclidean dynamics of du-
ration β and periodicity Φ(~x, 0) = Φ(~x, iβ) are described
by the ordinary partition function of ordinary quantum
statistical mechanics, instead of the Feynman path inte-
gral.
Formally, by following the same demonstration in
sec.(III E) with Euclidean time, it is easy to prove that
the cyclic classical evolution of an Euclidean EC is de-
scribed by the partition function of ordinary quantum
statistical mechanics
Z =
∫
D~xe−SClass[β,0] (24)
where, in perfect correspondence to our derivation of
the Feynman path integral in sec.(III E), ~x has spatial
periodicity ~λβ resulting from the Euclidean periodicity
β exactly as the same term in the ordinary path in-
tegral eq.(12) has spatial periodicity ~λ resulting from
the Minkowskian periodicity T ; SClass[β] is the classi-
cal action corresponding to a time interval of duration β:
SClass[β] = ∫ β
0
LClassdt.
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ECs theory reveals a perfect correspondence between
Euclidean and Minkowskian periodicity. We have proven
that the Feynman path integral eq.(12) describes the evo-
lution of duration tf and ti characterised by Minkowskian
cyclic dynamics of period T = 2π/ω. Similarly the parti-
tion function eq.(24) describes the evolution of duration
β characterised by Euclidean cyclic dynamics of period
β.
Once again we have found an explicit confirmation of
the fact that quantum dynamics, in this case of statis-
tical systems, are obtained by constraining the classical
dynamics, in this case in the Euclidean time. In short
these arguments reveal the physical origin of the corre-
spondence between Feynman path integral and partition
function. More in general they reveals the deep relation-
ship, upon Wick’s rotation, of QM and thermodynamics:
both are statistical theories emerging from Minkowskian
and Euclidean cyclic dynamics, respectively.
Since thermal dynamics are essentially consequence of
the statistical behaviour of composite systems of elemen-
tary particles, and the latter are Minkowskian periodic
phenomenon of persistence periodicity if observed in an
isolated state (or in their reference frames), we can con-
jecture that elementary particles are systems at zero en-
tropy whereas composite system have an high content
of entropy for statistical reasons (see chaotic evolution
of composite systems of ECs). This conciliates the ir-
reversibility of the arrow of time, which has a statisti-
cal motivation as we have just seen, with the relativistic
description of time which is reversible and intrinsically
mixed with space through Lorentz transformations.
The analogous of the energy eigenvalues ωn = nω =
2πn/T of an isolated quantum system directly derived
from the Minkowskian periodicity, are the Matsubara fre-
quencies 2nπ/β directly derivable from the condition of
Euclidean periodicity. Thanks to ECs physics, we have
actually obtained in a natural way the ordinary descrip-
tion on quantum statistical systems, i.e. of quantum field
theory at finite temperature, see [55, 56]. Notice that, in
the case of fermions the PBCs of the bosonic particles
must be replaced by anti-PBCs as already discussed, in
order to encode the Dirac-Fermi statistics.
Thus ECs theory yields a unified description between
the partition function of the Boltzmann formulation of
statistical mechanics and the path integral of Feynman
formulation of QM. The quantisation of statistical sys-
tems, which is obtained by imposing intrinsic periodicity
in the Euclidean time, is nothing but a direct consequence
of the fact ordinary QM is the manifestation of a intrin-
sic periodicity in the Minkowskian time, as prescribed by
ECs theory.
1. Quantum coherence, collective phenomena and
superconductivity
Summarising the description above on one hand we
have that the Minkowskian time periodicity (imaginary
exponential) describes the perfect coherence of pure
quantum systems. On the other hand, the Euclidean time
periodicity (real exponential) describes the dissipative
phenomena associated to the thermal noise. The clas-
sical Minkowskian cyclic dynamics yields the Feynman
path integral of QM, sec.(III E) as the classical Euclidean
cyclic dynamics yields the partition function describing
the quantum behaviour of statistical systems. From these
considerations it is now easy to infer, in a very straight-
forward and novel way, fundamental aspects of condensed
matter such as superconductivity directly from first prin-
ciples of QM (i.e. intrinsic periodicity) rather than from
phenomenological aspects like in BCS theory, which is
actually an empirical theory. All these aspects are inves-
tigated in [13] and similar papers [11, 12].
In classical mechanics the natural state of elementary
isolated objects is persistent linear motion, i.e. constant
energy (and momentum). According to de Broglie con-
stant energy means persistent periodicity. Hence the
natural state of elementary isolated systems is perfect
Minkowskian intrinsic recurrence. We have proven that,
by promoting this to a postulate, Minkowskian period
dynamics are equivalent to QM in all its aspects. This
also means that, according to ECs physics, the natural
state of elementary free systems is pure QM. The thermal
(non-quantum) limit mechanics emerges from this ideal
(quantum) case as a consequence of the thermal noise
(Euclidean periodicity) as much as in classical mechan-
ics the natural state of bodies is in uniform rectilinear
motion and their tendency to stay at rest is due to the
friction.
To elucidate some central concepts let us consider
the Black-Body radiation. According to ECs theory,
every component of the electromagnetic radiation with
fundamental angular frequency ω(~k), i.e. of periodicity
T (~k) = 2π/ω(~k), is an EC of periodicity T (~k) and in-
finite Compton periodicity TC = T (0). Thus, through
discrete Fourier transform, we have the Planck spectrum
ωn(~k) = 2πn/T (~k) for each component.
For those components of the electromagnetic radiation
whose quantum (Minkowskian) periodicity T (~k) is small
w.r.t. the thermal period β, i.e. in the limit T (~k) ≪ β,
we have purely quantum behaviour in the sense that the
thermal noise is not sufficiently fast (i.e. the thermal pe-
riod β is not sufficiently short) to break the “perfect co-
herence” of pure quantum systems, i.e. the Minkowskian
periodicity of ECs. The periodic behaviour character-
ising QM is preserved in this limit,in agreement with
quantum phenomenology. In this case only the lower
harmonics of the EC are excited and if the periodicity
is sufficiently low they can condensate on the fundamen-
tal mode (n = 1) generating collective phenomena such
as the Bose-Einstein condensation. The quantum char-
acter is preserved for the ultra-violet components of the
electromagnetic radiation, as for a string vibrating with
very short period the harmonics are well separated, see
the analogy between the Black-Body radiation and the
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sound spectrum of grand-piano given in [10] for more de-
tails.
In the infra-red region of the electromagnetic radiation
the thermal (Euclidean) period β is too short w.r.t. the
quantum (Minkowskian) periodicity characterising quan-
tum system.s This means that the thermal noise is so in-
tense that the pure periodic (quantum) behaviour is bro-
ken. In turn the phenomena associated with it (which
are equivalent to the quantum phenomena according to
ECs physics) cannot take place. Due to the fast ther-
mal scattering, the quantum periodicity cannot autocor-
relate to give rise to the perfect coherence and collective
phenomena. Also, the vibrational modes, i.e. the en-
ergy spectrum, can be approximated to a continuum, as
for a string vibrating with very long or infinite period-
icity which can vibrate with a continuum of harmonics
since the BCs can be neglected in this case. Summarising
we have obtained the ordinary Planck description of the
Black-Body radiation, avoiding the ultra-violet catastro-
phe.
From simple considerations about the periodic be-
haviour of ECs it is straightforward to derive, for in-
stance, superconductivity in all its fundamental phe-
nomenology such as the Meissner effect, the Josephson
effect, the Little-Park effect, the gap opening and so on
[11–13]. If the temperature is sufficiently law the elec-
trons in a conductor behave as (non-relativistic) ECs.
They are constrained by a condition of (anti-)periodicity
(see description of fermionic dynamics), i.e. closed or-
bits along the circuit Σ, similarly to the electron in the
atomic orbitals (Bohr atom) which actually can be re-
garded in a superconducting state (see next section).
Furthermore the electrons interact electromagnetically so
that under the condition of (anti-)periodicity, we have the
Dirac quantisation condition for the electromagnetic field
e
∮
Σ dx
µAµ(x) = egn/2 = nπ, where Σ denotes the path
along the closed circuit, [11–13]. See also equivalence
to QED, sec.(VA). The factor 2 in this equation is due
to the fact that anti-periodicity can be described in an
orbifold S2/Z2 in analogy to extra-dimensional theories.
In short, [6, 11–13], the spatial components of the
Dirac quantisation condition directly leads to the Meiss-
ner effect:
∫
SΣ
~B(t, ~x) · dSΣ =
∮
Σ d~x · ~A(t, ~x) = nϕ0/2
where SΣ is the area delimited by the circuit Σ and
ϕ0 = 2π/e is the quantum unit of magnetic flux. Hence
we have found that the magnetic flux through the cir-
cuit is quantised in units ϕ0, so that the current cannot
smoothly decay and there is not electric resistance, i.e. we
have no ordinary electric resistence. The Minkowskian
periodicity of ECs theory also means that the local phase
θ(x) of the electromagnetic gauge invariance in the con-
ductor can only vary by finite steps nϕ0/2. The local
phase plays the role of the Goldstone which actually
transform as a fermionic condensate of charge −2e which
corresponds to the Cooper pair.
This also correctly describes the effective breaking of
the electromagnetic gauge invariance in superconductors
[11, 51]. Interesting enough, such a novel description
of superconductivity based on purely geometrical argu-
ments should imply a novel and more fundamental inter-
pretation of the corresponding phenomenon in particle
physics, i.e. of the Higgs mechanism in terms of space-
time geometrodynamics [11–13]. This would eventually
unify the meaning of mass in quantum mechanics (Comp-
ton periodicity), in GR (spacetime curvature) and in the
Higgs mechanism (gauge symmetry breaking).
From the temporal component of the Dirac quantisa-
tion condition follows the Josephson effect. If we assume
that the circuit contains a junction with a voltage differ-
ence ∆V at its ends, the BCs now must be applied to
the ends of the junction so that we get
∫
junct A0dt =
TJunct∆V = ϕ0/2 corresponding to the fundamental
Josephson frequency fJunct = 1/TJunct. With similar
simple arguments the whole phenomenology of supercon-
ductivity can be derived as proven in [6, 11–13].
C. Non-relativistic limit of the Elementary Cycles
dynamics
We have demonstrated the equivalence of ECs
classical-relativistic dynamics and ordinary relativistic
QM in both the free and interacting cases, in particular
for QED, as well as for statistical systems. However there
are two relevant aspects to clarify explicitly. The first one
is to check that, actually, the non-relativistic limit of our
theory reproduces non-relativistic QM. This correspon-
dence is essentially a double check: non-relativistic QM
is already implicit in the results obtained above, as it
is a limit of relativistic QM. The second aspect is the
necessity of a more rigorous formal description in ECs
theory of composite systems. We will show that, by sim-
ple arguments inferred from ECs physics, this implies
the introduction of the tensor product of Hilbert spaces,
which plays a crucial role for instance in the derivation of
Bell’s theorem and of the Fock space, and has an intuitive
physical meaning in ECs theory.
1. Non-relativistic free particle and the classical particle
limit
The non-relativistic limit of a free particle is charac-
terised by small spatial momentum w.r.t. the rest energy
(the mass m), |~k| ≪ m (here we only consider massive
particles as the massless particles are always relativistic,
see description of the Black Body radiation). The mass
forms an infinite energy gap. In the non-relativistic limit
it can therefore omitted yielding the non-relativistic en-
ergy dispersion relation: ω(~k) =
√
~k2 +m2 = m+
~k2
2m +
O(~k2), so that ωclass(~k) = ~k22m is the classical dispersion
relation for a non-relativistic EC.
This limit can be obtained, on one hand, by assuming
that the EC rest period (Compton period) is so small that
it can be approximated to zero TC → 0 (i.e. m → ∞).
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On the other hand, it can be obtained by assuming that
the momentum is so small that the EC spatial period
tends to infinity: |~k| → 0⇒ |~λ| → ∞.
Notice that the rest (Compton) periodicity represents
the upper limit of the EC time period T (~k) ≤ TC .
The internal temporal cyclic dynamics associated to the
Compton clock can be therefore neglected for a free non-
relativistic EC. In this limit, the EC can be effectively de-
scribed by a non-compact 3D “ontic” space R3 as the com-
pactification lengths (i.e. the period) of the “ontic” time
and space tend to zero and infinity, respectively. That
is, we obtain the ordinary non-compact space R3 and
universal (external) time coordinate t of ordinary non-
relativistic classical mechanics (Galileian relativism).
The vanishing EC time period implies that the gap
between the EC energy levels tends to infinity, ω(~k) =
2π/T (~k) → ∞. Only the fundamental EC harmonic
(n = 1) can be populated in this limit — see for in-
stance the discussion about Boltzmann distribution in
the previous section. The fundamental mode (n = 1) as
we have seen describes in fact non-quantised physics. In
other words the quantisation associated to the constraint
of EC Compton periodicity is lost as there is not suffi-
cient energy to populate the higher energy levels. On the
fundamental mode, the energy ωclass(~k) varies in a con-
tinuous way with ~K according to the classical dispersion
relation. That is, we have the ordinary classical varia-
tion of the energy without quantization. The EC physi-
cal state in this approximation becomes Φ~k ∝ e−iωµx
µ ≃
e−i(mt+~k
2t/2m−~k·~x) → ΦClass~k (x) ∝ e−i(
~k2t/2m−~k·~x). Ac-
tually, we have obtained, starting from EC dynamics, the
ordinary description of the non-relativistic free particles
of standard QM.
In general, by plotting the modulo square of the EC
physical state |Φ~k(x)|2 (it is convenient to subtract the
Compton ultra-fast oscillating term e−imt and to assume,
for instance, the Fourier coefficients an of a thermal state
or a coherent state), it is possible to check graphically
that the EC physical state is localised predominantly in-
side a region of Compton width (∼ 2π/m) along the path
of the corresponding classical particle [9, 22]. The Comp-
ton width tends to zero in the non-relativistic limit. In
the massive case, the EC physical state, which relativis-
tically behaves as a “localised” wave, becomes a Dirac
delta distribution centred on the classical path of the cor-
responding classical particle in the free non-relativistic
limit. We have proven that in the non-relativistic limit a
free EC behaves as a free classical particle.
From these considerations it is also possible to give, for
instance, an interpretation of the double-slit experiment
[9]. A quantum particle gives self-interference only if the
slits are closer than its Compton length. With such a
spatial resolution better than the Compton length the EC
can no longer be approximated to a Dirac delta, it reveals
its wave (harmonic) nature. Similar arguments apply by
increasing the resolution in time in order to pass from
the non-relativistic to the relativistic description. The
effect of the intrinsic periodicity cannot be neglected in
this limit. By increasing the resolution in time or space it
is possible to resolve more and more harmonics (we pass
for a sinusoidal wave description to a description in which
we can resolve the “timbre” of the wave, i.e. its harmonic
content) of the ECs physical state. This corresponds to
particles creation and, more in general, to the fact that
the number of particles is not an observable in relativistic
QM according to the Heisenberg uncertainty principle.
In general it is easy to prove that the single particle
description emerges from EC dynamics as soon as the EC
time period can be approximated to zero. This also im-
plies, for instance, that the electromagnetic waves with
very high frequencies (UV region) has a massless cor-
puscular behaviour, i.e. the electromagnetic radiation is
composed by photons — see Black Body radiation in pre-
vious section.
2. Non-relativistic Schrödinger problems and semi-classical
quantum mechanics
Relativistic ECs dynamics are characterised by intrin-
sic periodic behaviours (of fundamental topology S1)
which in turns exactly reproduces QM. In the non-
relativistic limit, even though the Compton periodicity
can be approximated to zero, the peculiar cyclic nature
of an EC becomes again manifest as soon as the EC is
bounded by a potential V (~x), for instance in an infinite
well or in a harmonic potential. The intrinsic cyclic be-
haviour (PBCs) implies, as we have seen for relativistic
ECs, that the EC physical state is a superposition of all
the possible eigenstates (harmonics) corresponding to the
possible closed orbits, i.e. of all the orbits characterised
by an integer number of recurrences, according to the lo-
cal phase harmony (in analogy to a vibrating string in
which the closed orbits are the possible harmonics).
An non-relativistic EC bounded in a potential is a
generic superposition of eigenvectors e−i[ω
′class
n (
~k′)t−~k′n·~x].
The quantised spectra are determined by imposing the
PBCs resulting from the bounding potential V (~x). As
already noticed for interacting ECs, sec.(IV), in the
relativistic case these PBCs leads to the relativistic
quantisation condition
∮
k′µndx
µ = 2πn which actually
means closed spacetime orbits. From the spatial and
temporal components of this condition we find that,
in the non-relativistic limit, the EC intrinsic periodic-
ity yields the Bohr-Sommerfeld quantisation condition∮
~k′n · d~x = 2π(n+ ν), and the energy quantisation con-
dition
∮
~ωIntn,Class(
~k′)dt = 2π(n + ν) where ωClassn,Int (~k
′) =
~k′
2
n
2m + V (~x).
The EC instantaneous time period τ0 = TClass(~k′) =
2π/ωClassInt (
~k′) and the EC instantaneous wave-length
(spatial period) τ i = λi,Class = 2π/k′Classi,Int are therefore
determined locally by the potential V (~x), in analogy with
the geometrodynamical description of EC relativistic in-
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teractions. We have included a Morse factor ν (arbitrary
global phase of an EC) which is determined by the BCs
at the spatial infinite. It can also be regarded as a (“un-
physical” [28–30] ) twist factor 2πν in the PBCs along
the orbits (which otherwise is arbitrary due to the phase
invariance of the EC).
It is interesting to mention here that, actually, the
Casimir effect, which is commonly associated to the zero
point energy, was originally calculated in terms of BCs
in analogy to Van der Walls forces [58]. It is not a case
that the modern method to calculate the Casimir forces
in complicated geometries is based on the imposition of
the corresponding BCs to the electromagnetic radiation,
in full confirmation of EC approach to QM.
In analogy with the WKB method of ordinary QM it
is now possible to exactly solve, in complete agreement
with ordinary QM, non-relativistic quantum problems
[15]. According to our description of interactions the EC
Hamiltonian operator is identical to that prescribed by
ordinary QM for a potential V (~x). The non-relativistic
EC classical evolution is therefore described by the or-
dinary Schrödinger equation for that interaction scheme
i∂t|Φ′~k′〉 = [
~P′2
2m + V (~x)]|Φ′~k′ 〉.
The illustrative simplest cases are those which can be
explicitly reduced to an harmonic behaviour in time or
space. For the sake of simplicity we consider only one
spatial dimension. In an infinite potential well of size L
the resulting EC global spatial periodicity (wavelength)
2L yields the harmonic quantisation of the momentum
|~kn| = n/2L. This harmonic spectrum leads, through the
equations of motion, to the corresponding energy spec-
trum ωn = n2/8mL2 (the EC “ontic” time is deformed).
This quantised solution describes the classical EC closed
orbits in time and space allowed by the infinite potential
well. In this simple case we have PBCs in flat ECs “on-
tic” spatial dimensions of length 2L, just like a vibrating
string. The only harmonics allowed for the EC on an
infinite potential well of width L are those with closed
orbits of length 2L.
To solve QHO it is sufficient to consider the pendulum
isochronism, that is the fact that all the orbits (all the en-
ergies) have global period T . This corresponds to PBCs
in the flat EC time of period T = τ0, which directly im-
plies the harmonic energy spectrum ωn = (n + 12 )2π/T .
The zero point energy ω/2 can be associated to a twist
factor π in the PBCs or, as already said about the Morse
factor, to the BCs at the spatial infinity of the EC phys-
ical state. From the harmonic energy spectrum the mo-
mentum spectrum of the QHO follows as in ordinary QM.
Notice that such a description of the QHO represents a
further confirmation of the full correspondence between
ECs physics and second quantisation. Obviously the
QHO can be equivalently described by means of ladder
operators introduced in sec.(IIID). Also, this is a cross
check of the equivalence between ECs and QFT, as the
QHO is the building block of second quantised fields.
In a generic potential V (~x) we must work in the anal-
ogy with non-homogeneous strings whose spectra are in
general not harmonic. It is easy to check that possible
to show that the EC quantisation prescription (the re-
quirement of close orbits in space and time) leads, in
a very straightforward way if compared with the ordi-
nary methods of QM, to the correct solution of all the
possible Schrödinger problems, also those characterised
by non-trivial potentials such as the anharmonic quan-
tum oscillator (we obtain ωn = 34ǫ(2n
2 + 2n), where
ǫ is the quartic correction ǫx4/l to the harmonic po-
tential and
√
2π/mf), the linear potential (we obtain
ωn = [3π(+1/4)
2/3)]mg2/2 where the linear potential is
mgx), and so on, [15, 59]. Ordinary problems such the
Dirac delta potentials and tunnel effect can be explicitly
solved by means of BCs, as for ordinary QM, so that
they fully confirm the full consistence of EC formulation
of QM.
Below we will explicitly discuss the atomic orbitals.
Notice that ECs theory brings new elements for an im-
proved formulation of the Bohr-Sommerfeld quantisation
and WKB method, which in this way can be applied
to solve exactly (and not in an approximative way as
believed) relativistic QM as well as quantum problems
with more particles. In particular our analysis of the
QHO shows that the whole QFT can have an equivalent,
exact, completely semi-classical formulation.
3. Atomic orbitals, tensor product of Hilbert spaces and
Fock space
Similarly to Bohr’s description of hydrogen atom, by
means of the recipe given above to solve Schrödinger
problems it is easy to prove that the locally modulated
closed spacetime orbits of an EC bounded in an atomic
Coulomb potential imply the atomic energy spectrum
ωn = −13.6 eV/n2. Notice that, for what which concerns
the quantisation of the atomic energy levels, contrarily to
Bohr’s derivation in ECs theory it is not necessary to re-
strict our choice to circular spatial orbits as the EC closed
orbits are in spacetime of topology S1.
So far we have only considered the intrinsic periodicity
characterising the ECs spacetime closed obits, but this is
not the only possible periodicity for an EC. Recall that
an EC is a one-dimensional periodic phenomenon (closed
string) vibrating in the four-dimensional spacetime. Its
fundamental topology is that of the circle S1. This pe-
riodicity implies a single quantum number n labelling
the possible spacetime closed orbits. As we have seen
this is the ordinary principal quantum number of QM.
It correctly describes the related quantisation of the en-
ergy and momentum in all the possible case, including
the atomic orbitals as we have just seen. The energy
and momentum spectra are both described by the same
quantum number n. They correspond to the temporal
and spatial periodicities projected by the intrinsic EC
periodicity (e.g. by the Compton periodicity in the rela-
tivistic case). Indeed the energy and momentum spectra
are related by the equations of motion.
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Peculiar configurations of the ECs may have additional
fundamental periodicities w.r.t. the intrinsic ones of fun-
damental topology S1. In close analogy with the quan-
tisation of the energy-momentum described so far, these
possible additional fundamental periodicities imply other
quantised quantities (i.e. the conjugated quantities) la-
belled by additional quantum numbers, one for each fun-
damental periodic (angular) parameter.
We may consider, for instance, isotropic potentials as
the Coulomb potential, i.e. potentials characterised by
a spherical symmetry S2. In addition to the quantisa-
tion of the energy-momentum spectrum described by the
principal quantum number n and directly associated to
the EC intrinsic periodicity S1, this additional spheri-
cal symmetry S2 implies the further periodic conditions
of the two spherical angles for the EC “ontic” physical
state, ϕ ∈ (0, 2π] and ϑ ∈ (0, π]. Obviously this spheri-
cal symmetry yields the ordinary quantisation of the an-
gular momentum and the further decomposition of the
EC physical state Φ~k in spherical harmonics, in perfect
agreement with ordinary QM. The two angular variables
associated to the spheric geometry imply the two addi-
tional quantum numbers typically denoted by m and l.
It is interesting to notice that the energy-momentum
quantisation in terms of spacetime cyclic dynamics can
be also regarded as the spacetime analogous of the quan-
tisation of the angular momentum of ordinary QM, which
is a perfectly valid and universally accepted quantisation
method based on the constraint of intrinsic periodicity,
even in QFT. In ECs physics it is spacetime itself which
plays the role of an angular variable, and the quantisation
of the energy-momentum is the analogous of the quan-
tisation of the angular momentum. ECs predicts that
spacetime coordinates are angular coordinates.
In general to every fundamental angular variable
parametrizing a physical system is associated a quan-
tum number and the quantisation of the corresponding
conjugated quantity. For instance, the principal quan-
tum number n describing the quantisation of the energy-
momentum is associated the to EC intrinsic periodicity;
m, l are associated to a spherical periodicity describing
the quantisation of the angular momentum and so on.
Every fundamental periodicity θ1, θ2, θ3, . . . implies an
independent set of orthogonal and complete eigenfunc-
tions (harmonics) constituting the bases |n1〉, |n2〉, |n3〉,
. . . of independent Hilbert spaces H1, H2, H3, . . . la-
beled by the indexes n1, n2, n3, . . ., respectively. In
short, a system characterised by more fundamental pe-
riodicities is described by the tensor product of the
Hilbert spaces defined by each fundamental periodicity
H = H1 ⊗H2 ⊗H3 . . ..
Such composition of fundamental periodicities is
clearly illustrated by the example of the atomic orbitals.
In order to determine the atomic orbitals, beside the
closed spacetime orbits yielding the atomic energy levels
labelled by n, we now have to consider that the Coulomb
potential has a spherical symmetry. This means that the
EC physical state is constrained to have spherical symme-
try. Such an additional periodicity S2, parametrized by
the two spheric angles, implies that the EC physical state
is a point in the tensor product of the two fundamental
Hilbert spaces |n,m, l〉 = |n〉⊗|m, l〉, where |m, l〉 denotes
the spherical harmonics in the Hilbert space formalism.
These two Hilbert spaces are associated to the closed
EC orbits in spacetime, of fundamental topology S1, and
to the closed spherical orbits associate to the spherical
topology S2, respectively. The fundamental topology of
the atomic orbitals is therefore S1 ⊗ S2 (neglecting the
spin).
We have thus obtained the ordinary quantum descrip-
tion of the atomics orbitals. Contrarily to the common
opinion, it has been shown that a similar semi-classical
description, if correctly applied as also prescribed by the
ECs theory, can consistently describe the Zeeman ef-
fect and the other fundamental phenomenology of atomic
physics [6, 19, 59].
The product of Hilbert spaces is also relevant as it is at
the base of the Fock space. Two distinct relativistic ECs
(“beables” in ’t Hooft’s terminology), having two inde-
pendent spacetime intrinsic periodicities, are represented
by the tensor product of the two corresponding Hilbert
spaces |n1〉 ⊗ |n2〉, with quantum numbers n1 and n2.
The fundamental topology of this composite system is
thus S1 ⊗ S1 (now we do not consider the spherical peri-
odicity).
Similar arguments can be generalised to the descrip-
tion of the same EC observed in two different kinematical
states, i.e. observed from two different inertial reference
frames ~k1 and ~k2. These are described by two Hilbert
spaces, H~k1 and H~k1 of bases |n~k1〉 and |n~k2〉, respec-
tively. The same EC observed from two different inertial
reference frames indeed is characterised by two different
complete and orthogonal sets of eigenfunctions, labelled
by n~k1 and n~k2 , respectively. The resulting Hilbert space
H~k1 ⊗H~k2 has basis |n~k1 , n~k2〉 = |n~k1〉 ⊗ |n~k2〉.
Clearly, by iterating this composition of Hilbert spaces
associated to the same EC observed from all the possible
reference frames, one obtains the Fock space. The de-
scription of an arbitrary large number N of the possible
kinematical states of the same EC is in fact represented
by a Hilbert space H⊗N = H~k1 ⊗ . . . ⊗ H~kN of basis
|n~k1 , . . . , n~kN 〉. We this we have proven that an ECs is
described by the ordinary Fock space of QFT.
From this also follows that a quantum field of ordi-
nary QFT describes an EC in all its possible kinematical
states. We have actually seen in sec.(IIID) that the phys-
ical state Φ~k(x) can be identified with the component of
momentum ~k of an ordinary quantum field. We have in
fact also seen that the Klein-Gordon field ΦKG(x) is the
integral of the physical state Φ~k(x) over all its possible
momenta: ΦKG(x) =
∫
d~kΦ~k(x). Besides the definitions
of Fock space, the product of Hilbert spaces plays a fun-
damental role in the demonstration of Bell’s theorem that
we will shortly discuss in the next section.
Notice that, in addition to the exact equivalence to
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axiomatic QM, to the Feynman path integral, to sec-
ond quantisation and so on, the tensor product of Hilbert
spaces was the very last ingredient to complete the exact
mathematical equivalence between ECs cyclic dynamics,
classical in the essence, and ordinary QM.
We conclude that our results falsify the common opin-
ion that quantum phenomena cannot be fully described
by means of classical arguments. In general, it is be-
lieved that the semi-classical formulation of QM is a limit
of ordinary relativistic QM (QFT), and it can only pro-
vide an approximative description of non-trivial quan-
tum phenomena. On the contrary, our results clearly
show that ordinary QM can be fully derived from classi-
cal arguments (including the classical variational princi-
ple), i.e. from the approach known as “old formulation”,
originally proposed by the fathers of QM (de Broglie,
Einstein, Bohr, Sommerfeld, etc...), if correctly applied
as prescribed by ECs theory. The semi-classical approach
based on ECs — a modern version of de Broglie’s “peri-
odic phenomena” — is more fundamental — or at least
equivalent — to ordinary relativistic QM (QFT). In a few
words ECs theory shows that the fathers of QM were on
the right track more than typically believed by we mod-
ern physicists.
VI. “GOD DOESN’T PLAY DICE”
The key to interpret the exact matching between EC
classical-relativistic cyclic dynamics and ordinary QM in
all its fundamental aspects and phenomenology can be
found in the statistical description of a “particle moving
[very fast] on a circle” — see also ’t Hooft’s CA. It is cru-
cial to consider that, even considering simple quantum
systems, for instance, based on QED, the characteris-
tic time scales involved in quantum dynamics are always
faster than the Compton clock of the electron5, i.e. they
are faster than 10−21 s (zettasecond), sec.(III A).
These time scales are in fact far beyond any modern
timekeeper resolution. The present experimental tech-
niques are not able to directly observe such extremely
small time scales. Thus, as for a die observed without
a slow-motion camera, we can only describe statistically
the outcomes of these ultra-fast cyclic dynamics — see
Axiom of the measurement in sec.(III A).
We can now interpret the results obtained so far by say-
ing that the extremely fast dynamics characterising ECs,
if observed with our current experimental resolution in
time (not to mention the resolution at the times of the
“old” QM), are equivalent to ordinary QM. That is, they
are described by the Hilbert space formalism and they
5 Even though photons have infinite Compton time, they neces-
sarily need to be emitted or absorbed by electrons in sources or
detectors, respectively. So the time scale of quantum electrody-
namics are faster or of the order of the electron Compton clock.
fulfil the Born rule, the Heisenberg relation, all the ax-
ioms of QM, the Feynman path integral, the Dirac quan-
tisation prescription, the Bohr-Sommerfeld quantisation,
the thermal QM and all the exact correspondences de-
scribed so far.
In general, the results reported in this paper show that,
as long as we observe ECs with non sufficiently accurate
timekeepers, the effective statistical description associ-
ated with their ultra-fast periodic dynamics is not dis-
tinguishable from ordinary QM. Vice versa, as for a dice
player with a slow motion-camera, an observer with infi-
nite or extremely good resolution in time — say, “God”
— would be able to reveal the underlying, potentially
deterministic, ECs dynamics and, in principle, to predict
the quantum dice outcomes. A die rolling very fast can
be regarded as the temporal dynamics of an EC on a lat-
tice, or equivalently a dice with a continuum of faces can
be regarded as an EC.
So, we can actually say: having infinite time resolution,
God has no fun playing dice; in the sense that there is
no fun playing dice if the player can predict the dice out-
comes by means of a slow-motion camera, or of an ultra-
fast timekeeper, or — ideally — of an infinite resolution
in time [19, 29]. The resolution of modern timekeep-
ers however is improving very fast towards the electron
Compton time scale ∼ 10−21 s (zettasecond), [60]. This
means that in a next future timekeepers could be able
to directly test, by means of experiments, the underling
ECs dynamics, and thus the possible new physics beyond
QM predicted by ECs theory.
ECs theory — similar to CA theory — must not be
confused with the de Broglie - Bohm or similar interpre-
tations of QM whose philosophy is to try to approximate
the quantum behaviours through fine-tuneable parame-
ters. EC theory is a new formulation of QM formally
equivalent to the axiomatic, the Feynman and the Dirac
formulations of QM, as proved in many previous papers
and reported here. In particular no fine-tunable param-
eters of any sort has been introduced in ECs.
The aim of this paper is to give a general overview of
the exact matching between ECs physics and QM. At
this stage we do not discuss about predictions of new
physics — though they can be more or less directly in-
ferred from our description of ECs. According to our
arguments we can conjecture, for instance, that QED
outcomes observed at ultra-fast time resolution should
manifest sub-Compton recurrence patterns, such that the
average values over an EC spacetime period would coin-
cide with ordinary QED outcomes.
ECs theory strongly points out the viability of a deter-
ministic interpretation of QM. It must be noticed that the
ECs dynamics do not involve hidden variables of any sort
(nor fine-tunable parameters): QM is exactly obtained by
imposing, as quantisation condition, contravariant BCs
to relativistic dynamics without introducing any addi-
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tional parameter or variable6. On the contrary Bell’s
theorem is based on the primary hypothesis of the exis-
tence of local hidden variables.
In Bell’s demonstration the correlation C between ob-
servables A and B is in fact given by an integration over a
hypothetical hidden variable υ: C = ∫ A(υ)B(υ)ρ(υ)dυ,
where ρ(υ) is a probability density. Hence Bell’s theo-
rem, or similar no-go theorems based on the hypothesis
of hidden variables, cannot be applied to ECs theory.
The restriction to determinism given by these theorems
does not apply to ECs physics.
Even though a thorough description of the EPR para-
dox in terms of EC dynamics is beyond the scope of this
paper, a simple fact can be safely stated. If, as Feynman
used to say, “the same equations have the same solutions”,
the equivalence of ECs relativistic dynamics and QM (in-
cluding the description of the tensor product of Hilbert
space described above) automatically implies that ECs
physics violates Bell’s inequalities exactly as mush as or-
dinary QM.
ECs theory has no hidden variables of any sort. How-
ever ECs physics theory has a non-local nature due to
the cyclic character of the spacetime coordinates of the
theory. Actually, in quantum optics textbooks the PBCs
Φ~k(x) = Φ~k(x + λ) are typically named “complete co-
herence” or “perfect entanglement”. By knowing the free
EC physical state in a given spacetime point, its values
at spacetime points separated by integer numbers of pe-
riods is automatically determined (without “conspiracy”
arguments [2]). Similarly to relativistic clocks, the whole
information of an EC is contained in a single spacetime
period.
Also, ECs theory must not be confused with interpre-
tations of QM stocastic quantisation of random walk.
Indeed it provides a quite opposite interpretation w.r.t.
these interpretations which, all in all, are by far less ef-
fective that ECs theory if compared with the results re-
ported so far. As already said, according to experimental
observations we have that pure quantum system are ideal
systems characterised by perfect Minkowskian periodic-
ity (“perfect coherence”). The randomness of QM could
not be fundamental, i.e. indeterministic, as it emerges
from the extremely fast cyclic dynamics involved in quan-
tum processes, which are shorter than the Compton time
of the electron 10−21s. The assumption of chaotic dy-
namics or randomness can therefore have some justifica-
tion only in the effective description of quantum dynam-
ics, see discussion about “a particle moving very fast on
a circle”. In any case ECs theory fully confirm that the
ordinary theory of QM is a purely statistical theory.
6 Contrarily to ECs dynamics based on continuous spacetime co-
ordinates, CA dynamics as conceived by ’t Hooft are determined
by fast permutations which may however involve “invisible hid-
den variables”, [2]. These however are only relevant to time scales
of the order of the Planck time, they are absolutely not relevant
to QM but they could be relevant to quantum gravity. So our
considerations about Bell’s theorem can be extended to CA.
Despite these non-local aspects ECs theory is an abso-
lutely local theory for what which concerns relativity: the
EC spacetime period λµ transforms in a local relativistic
geometrodynamical way, similar to relativistic clocks and
rulers. According to our geometrodynamical description
of interactions, the local modulations of the ECs periods
in a given spacetime region, e.g. obtained by switching on
a generic interaction, propagates to other spacetime re-
gions according to relativistic causality. The EC physical
state value after an integerÊnumber of periods is auto-
matically determined but, due to interactions, the posi-
tion of these spacetime points varies locally and in perfect
agreement with relativistic causality, see sec.(IV).
The local modulations of spacetime period is in fact
related to the local variations of four-momentum by the
phase harmony relation, and the local variations of four-
momentum propagates in spacetime according to rela-
tivistic causality. The propagation of the EC modula-
tions of periodicity is therefore described by the retarded
and advanced potentials of the ordinary relativistic wave
theory as shown in [9].
The full compatibility of ECs theory with relativistic
causality and locality can also be seen by noticing that an
EC is essentially a classical-relativistic string vibrating in
spacetime, i.e. it is constituted by harmonics which are
in fact ordinary relativistic waves governed by advanced
and retarded solutions.
Actually, as pointed out in other papers [6, 7, 9, 22],
one of the beauties of ECs theory is that it turns out to be
the full relativistic generalization of the theory of sound.
It considers relativistic vibrations not only in space but
also in time. An EC is the relativistic analogous of a
“sound” source that can vibrate also in time and not only
in space. We can actually say that ECs theory provides
a fascinating “harmonic” description of our quantum uni-
verse.
VII. WHERE IS THE BOUNDARY OF
SPACETIME?: FROM “ONTIC” SPACETIME TO
RELATIVISTIC SPACETIME
In this paragraph we discuss the most original aspect of
ECs theory, that is the absolutely novel description of the
relativistic spacetime predicted by the theory. In other
words, the most fascinating prediction of this study is the
following: QM tells us above any reasonable doubt that
spacetime has an intrinsically cyclic nature, contrarily to
the emphatically non-compact nature typically considered
in the ordinary interpretation of relativity. A compact
nature of spacetime is the price to pay for a unified de-
scription of relativistic and quantum mechanics, as well
as of gravitational and gauge interactions. Yet, such an
alternative formulation of spacetime is completely com-
patible with the whole relativistic physics and, at the
same time, it allows us to derive QM directly from rela-
tivistic geometrodynamics, in a unified view.
An EC can be regarded essentially as classical-
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relativistic vibrations of relativistic spacetime. We start
by noticing that the ECs cyclic spacetime coordinates
enter into the equations exactly as the relativistic space-
time coordinates of ordinary QFT and relativity, as can
be noticed for instance from eq.(2) or eq.(19). Hence the
(“ontic”) spacetime coordinates of ECs theory and ordi-
nary relativistic spacetime can be in principle identified.
The ECs “ontic” coordinates are perfectly consistent
sets of relativistic coordinates, even though they are an-
gular (cyclic) coordinates (with cyclic or angular coor-
dinates we mean coordinates defined on a compact flat
manyfold and PBCs, in analogy to, e.g. , the Kaluza-
Klein cyclic extra dimension). The differential spacetime
structure of an EC is the exactly same as for ordinary
relativity. Special and General Relativity only concern
about the differential structure of relativistic spacetime.
It is a fact that relativity doesn’t give any particular
prescription about the boundary of spacetime. In other
words, relativity is not able to answer to the question:
“where is the boundary of spacetime?”7 [61]. EC the-
ory complete spacial and general relativity with BCs (see
Cauchy problem in mathematics) allowing the unified de-
scription of relativistic and quantum dynamics.
ECs can be regarded as relativistic clocks (and rulers).
Local contravariant PBCs are assumed in every relativis-
tic spacetime point, depending on the content of energy-
momentum in that point. Notice that the requirement
of covariance for the BCs is essential to obtain a consis-
tent relativistic theory. Without this requirement one ob-
tains problematic relativistic theories like Closed Time-
like Curves (CTC) theory [57]. In other words spacetime
is compactified in a cyclic geometry, similarly to extra-
dimensional theory or string theory. The fundamental
difference is that in those theories the inevitable extra-
dimensions must compactified because they are problem-
atics. On the contrary, in ECs theory there are not extra-
dimensions, it is the ordinary four-dimensional spacetime
which is compactified in a contravariant local way in or-
der to be fully consistent with the differential structure
of relativity, and to derive relativistic QM directly from
the resulting constrained (compact) relativistic mechan-
ics. Our analysis of the ECs geometrodynamics (reported
in more detail in previous papers) demonstrates that ECs
physics do not break relativistic symmetries and invari-
ances. Indeed PBCs on compact spacetime manifolds ful-
fil the variational principle of relativistic (bosonic) field
and string theories.
We want to point out that, actually, ECs theory must
7 The analysis of the BCs of relativistic theories is the foundational
point of ECs theory as described in [9]. The variational principle
applied to relativistic actions prescribes particular restrictions
to the BCs. For instance, as well-known from instance in string
theory and extra dimensional theory, for a bosonic action —
without additional boundary terms — the possible choices are
Neumann BCs, Dirichlet BCs, PBCs and so on. In general the
BCs prescribed by ECs theory, such as PBCs in the bosonic
theory, are those compatible with the relativistic actions.
be regarded a novel class of String Theory, [6–8]. Ordi-
nary String Theory is characterised by a compact world-
sheet (2D) with PBCs or other kinds of BCs (consistently
with the variational principle) of the ends of the com-
pact world-sheet dimension, corresponding respectively
to closed or open strings. As well-known, the assump-
tion of bidimensional (2D) world-sheet implies, for rea-
sons of self-consistency of String Theory, the (problem-
atic) extra-dimensions on the target spacetime of ordi-
nary String Theory.
Similarly ECs theory is characterised by a compact
(one dimensional) world-line encoding the Compton clock
— the Compton clock is a periodicity on the world-
line of a particle, i.e. on the proper time — with PBCs
or other types (consistently to the variational principle)
of BCs depending on the particle dynamics (bosonic or
fermionic) that we want to describe [6]. In this way the
target spacetime of the theory is consistently purely 4D
as for ordinary relativity (without necessarily involving
extra-dimensions), though it turns out to be an intrinsi-
cally compact (cyclic) spacetime.
The possibility of a consistent description of quantum
particle physics by means of compact world-lines is pro-
vided by the fact that QM (in particular the wave-particle
duality) implies that a massive particle has a word-line
recurrence of Compton length λC , i.e. a recurrence in the
proper-time of duration λC = TC = 2π/m, sec.(II A).
This simple consideration (probably neglected in the ini-
tial development rush of String Theory in favour of an ex-
cess of formalism and abstractness) shows that actually
it is possible to define a String Theory in a (1D) compact
world-line, instead of a compact (2D) world-sheet, avoid-
ing the non-compact world-sheet parameter of ordinary
String Theory. The resulting theory, i.e. ECs theory, is
able to reproduce quantum and relativistic mechanics in
a unified way, and inherits fundamental aspects of String
Theory. Indeed ECs theory confirms important histori-
cal motivations of String Theory and justifies most of its
mathematical beauty [6–9].
On one hand the emphatically compact description of
spacetime in ECs theory (resulting from the assumption
of PBCs on a compact world-line encoding the Compton
clock) preserves relativistic dynamics and invariances.
On the other hand they imply some kind of new rela-
tivistic phenomena in addition to the purely relativistic
ones. According to our results, the effective statistical
description of the resulting cyclic (undulatory) relativis-
tic dynamics are equivalent to relativistic QM in all its
fundamental aspects. The relativistic cyclic dynamics of
an EC are identical, at a statistical level, to the quantum
dynamics of the corresponding relativistic particle.
The PBCs are the quantisation conditions of the ECs
theory (similarly to the BCs of a particle in a “time box”).
The spacetime periodicities are fixed by the content of
energy-momentum in a given spacetime point, according
to de Broglie undulatory mechanics. We know from Ein-
stein that relativity is the manifestation of the differential
structure of spacetime. Similarly, we can state that QM,
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in all its phenomenology, is the manifestation of the com-
pact (cyclic) nature of relativistic spacetime — i.e. of the
compact (cyclic) nature of the particles world-lines.
All in all the assumption of intrinsic periodicity is a
Coulomb egg. Paraphrasing Einstein, ECs theory is “sim-
ple but not simpler”, in the sense that it exactly yields
de facto a unified description of relativistic and quan-
tum theories in an unexpected simple and elegant way
(it is not the first example of this kind in the history of
science) but, at the same time, it is groundbreaking as
it revolutionises the concept of relativistic spacetime so
much that it may erroneously appear absurd from an or-
thodox point of view. The undeniable fact is that the
ECs theory really yields de facto a unified description of
quantum and relativistic physics.
Physics of composite systems (i.e. systems of interact-
ing elementary particles) can be consistently described
as composition (similarly to ’t Hooft “beables”) of ECs
dynamics. The universe is composed by elementary par-
ticles and every elementary particle can be represented as
an EC. Hence the universe can be regarded as the ensem-
ble (“beable”) of all the ECs associated to all the elemen-
tary particles contained in it. Notice that, even though
ECs are characterised by cyclic dynamics, the evolution
of a system of many ECs interacting each other is in
general chaotic — see the considerations about the ther-
mal noise in sec.(VB). Interactions, due to the exchange
of four-momentum, modulate locally and contravariantly
the ECs spacetime periodicities. Thus our description
does not necessarily imply a cyclic universe. ECs theory
is able to reproduce the extreme complexity of ordinary
physical system despite its basic constituents, if isolated,
are intrinsically cyclic, exactly as Newton mechanics is
able to describe the complexity of classical systems (ther-
modynamics) despite its basic constituents, if isolated,
have uniform rectilinear motion.
Roughly speaking, in such a description every elemen-
tary particle composing our universe can be regarded as
an independent ultra-fast cyclic universe itself. The com-
bination and interaction of the cyclic dynamics associated
to each elementary particle reproduces the chaotic be-
haviour of our universe. Notice that, even though many
phenomena on every day life appears to be non-periodic
or even irreversible due to the statistical laws, the ele-
mentary quantum constituents of our universe (elemen-
tary particles) are perfectly cyclic if isolated (free ECs).
Indeed our results clearly show that the quantum dy-
namics of elementary particles are the manifestation of
fundamental relativistic cyclic dynamics, i.e. elementary
spacetime cycles [6, 8], see also [36]. Recall that, in ECs
theory [6–22], particles can also be equivalently described
as vibrations of intrinsically compact cyclic spacetime di-
mensions. Such a description is a fascinating novel, un-
precedented interpretation of relativistic spacetime.
In short, the undeniable validity of the ordinary ax-
iomatic description of QM represents the undeniable ex-
perimental proof that allows us to claim the discovery of
the cyclic nature of relativistic spacetime.
In ECs theory, the local nature of spacetime is enforced
w.r.t. the ordinary description of relativistic spacetime.
Indeed undulatory mechanics (wave-particle duality) is
encoded directly into relativistic geometrodynamics [6].
In this view the time flow of the universe has a relational
interpretation, with some analogies to Rovelli’s [62] and
Penrose ideas [36], as pointed out in previous publica-
tions, e.g. [8, 9, 14, 18]. The irreversibility of the time
flow is a statistical consequence of the fact that ordi-
nary physical systems are the combinations of many in-
teracting elementary cycles, similarly to the irreversibil-
ity in classical thermodynamics which follows from the
fact that systems are composed by many classical parti-
cles interacting chaotically (thermal noise).
The ordinary, emphatically non-compact, relativis-
tic spacetime is inferred as an emerging collective phe-
nomenon from ECs cyclic dynamics. This aspect of ECs
theory has been described in several papers, with par-
ticular emphasis on the emerging relativistic time flow
in [9, 14–16, 18]. We can imagine that each particle of
our universe defines an independent relativistic time co-
ordinate. Indeed in ECs theory every particle can be
regarded as a relativistic clock with its own time. For
instance we may assume that the particle j-th of our
universe defines a relativistic (“ontic”) time tj coordinate
of periodicity Tj. Now it is sufficient to chose one of
these clocks,Êfor instance the particle k-th — or another
periodicity phenomenon such as that associated to the
Cesium atomic transition — as reference clock to have
a relation, emergent description of ordinary relativistic
time tk = t. Each relativistic time tj now can be ex-
pressed in terms of the time of the reference clock, tj(t),
and its period referred to the reference period as well as.
In this description it is important to bear in mind that
these “clocks” can interact, for instance, by exchanging
photons, and that photons have “frozen” internal clocks,
i.e. infinite Compton periodicity. As also noticed by R.
Penrose “any stable massive particle behaves as a very
precise quantum clock, which ticks away with [Compton
periodicity]” and a ”photon would take until eternity [in-
finite Compton periodicity] before its internal clock gets
the first tick! To put this another way, it would appear
that rest-mass is necessary ingredient for the building of a
clock” [36]. The mass is thus essential to differentiate the
role of relativistic time with respect to that of relativistic
space in physics (in relativity they are linked by Lorentz
transformations). Similarly, without energy and momen-
tum is not possible to define relativistic spacetime.
ECs interpretation of spacetime can be pushed even
further. Actually we can say that every elementary parti-
cle defines its own spacetime since every elementary par-
ticle, interpreted as EC, is a reference clock and ruler.
Thus in ECs theory it would be more appropriate to
speak about many vibrating spacetimes, one for each
particle. Ordinary spacetime is a collective description
of these many spacetimes, similarly to the collective de-
scription of time given above. As an EC has zero entropy
whereas a composite system of ECs has high content of
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entropy for statistical reasons, we actually see that the
arrow of time emerges from the EC spacetimes in a sta-
tistical way, contrarily to the ordinary interpretation of
relativistic spacetime in which the arrow of time cannot
be justified with similar arguments.
The Feynman conjecture that antiparticles are parti-
cles travelling backward in time is absolutely consistent
with EC physics due to the fact that the relativistic time
has an enforced local character —whereas it is not admis-
sible in ordinary interpretation of ordinary spacetime. In
ECs theory, since every particle is a clock defining its
own time, it is possible to invert the arrow of time in a
single particle without affecting the arrow of time of the
other particles. That is, we can imagine to invert the
rotation of a clock from clockwise to anti-clockwise, but
this doesn’t mean that as a result all the other clocks
turn out to be inverted, nor that the flow of time of the
whole universe result to be inverted. This is because in
ECs theory every particle has its own relativistic time,
whose ticks are determined by the particle mass and vice
versa.
The result of this inversion is to transform the par-
ticle to the corresponding antiparticle. This is in agree-
ment with our interpretation of the Hamiltonian operator
of the theory, whose “negative” eigenstates describe an-
tiparticles. Indeed ECs offer an elegant solution of the
problem of the arrow of time by enforcing the local na-
ture of time: the fundamental postulate of ECs theory,
from which all the results of the theory can be derived,
can be equivalently stated in the following way: every
particle is a clock!
This paper is exclusively focused on the equivalence
between ECs dynamics and QM. However, many fur-
ther important applications of ECs to modern physics
has been developed in [6–22]. Applications in condensed
matter, such as a novel description of superconductivity
and graphene physics has been reported in [11–13], and
summarised in sec.VB.
Last but not least, ECs dynamics also share funda-
mental mathematical and phenomenological properties
with extra-dimensional theories [8]. Remarkably, this ad-
vanced aspect of ECs — see the concept of “virtual extra
dimension” in ECs theory — provides an unprecedented,
intuitive, yet rigorous demonstration of the central rela-
tion of the AdS/CFT (Anti de Sitter / Conformal Field
Theory) correspondence. That is, in Witten’s words, in
the AdS/CFT correspondence “quantum phenomena [...]
are encoded in classical [extra dimensional] geometries”.
The detailed demonstration of the AdS/CFT correspon-
dence from ECs physics is given in [6, 8, 9, 17]. Actually
we have seen that in ECs physics quantum phenomena
are encoded in classical (compact spacetime) geometro-
dynamics. Another spectacular aspect is that, in the
duality of ECs theory to extra-dimensional theory, the
geometrodynamical description of gauge interactions, al-
ready reported in this paper and analogous to gravita-
tional one, turns out to be nothing but “Kaluza’s mir-
acle” of unification of gravitational and electromagnetic
interactions [6–8].
All these results are abundant, clear, rigorous, mathe-
matical proofs of the absolute validity and consistency of
the ECs theory, as well as of its potentiality to face open
problems of theoretical physics. In addition to this, ECs
theory also inherits some fascinating aspects of ’t Hooft
CA [2, 25–31]. In particular CA brings interesting new
insights on foundations of quantum gravity.
The description, on one hand, of QED from spacetime
geometrodynamics and, on the other hand, the corre-
spondence with gravitational geometrodynamics, actu-
ally opens an unexplored scenario to approach the prob-
lem of the quantisation of gravity (does it make sense
to quantise the boundary which quantises, through BCs,
elementary particles dynamics?), Black-Hole physics (a
Black-Hole can be regarded as the macroscopic T -dual of
an elementary particle due to the intrinsic Minkowskian
time periodicity 8πGM⊙ coming from its metric?) or
cosmology (has the rate of the elementary clocks of
the universe been always the same or it is accelerat-
ing/decellarating? How this contribute to the Big Bang
Theory).
VIII. CONCLUSIONS
In this paper we have presented the unified description
of quantum and relativistic mechanics allowed by the El-
ementary Cycles (ECs) theory [6–22]. Every elementary
quantum particle is described as the manifestation of cor-
responding ultra-fast cyclic spacetime dynamics, classical
in the essence. We have found that the effective descrip-
tion of the ECs relativistic dynamics is indistinguishable
from ordinary relativistic QM.
Remarkably, ECs theory clearly proofs that a deriva-
tion of QM from pure relativistic dynamics is definitively
possible. The idea to derive QM by constraining rela-
tivistic equations of motion was after all originally pro-
posed also by Einstein, and many other fathers of mod-
ern physics [10, 24, 63]. Actually ECs physics do not
involves hidden variables of any sort and it can violate
Bell’s inequalities as much as ordinary QM. ECs the-
ory really represents a viable solution to the riddles of
quantum physics. ECs approach to physics also shares
some fundamental aspects with Cellular Automata mod-
els proposed by ’t Hooft [2, 25–31] — though ECs is a
completely independent theory, based on a continuum of
spacetimes.
ECs are characterised by classical-relativistic dynam-
ics and the constraint of intrinsic (covariant) periodici-
ties (not to be confused with the problematic theory of
CTC) whose time scales are uniquely fixed by the Comp-
ton times of the corresponding elementary particles. In
simple words, the basic postulate of EC theory can be
stated in the following way: every elementary particle is
an elementary relativistic reference clock. That is (para-
phrasing Newton’s principles and de Broglie’s hypoth-
esis), every free elementary quantum particle of (persis-
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tent) energy ω, observed from an inertial reference frame,
is an elementary relativistic cyclic system, classical in the
essence, of persistent time periodicity T = 2π/ω.
The resulting ECs theory has been investigate in de-
tail in several peer-reviewed papers [6–9, 11, 14–21]. In-
deed the statistical description of ECs classical dynamics
leads to a manifest, exact mathematical equivalence to
ordinary relativistic QM. The correspondence has been
rigorously proven for all the fundamental aspects of QM.
From ECs dynamics we have exactly derived, for in-
stance: all the axioms of QM; the Dirac quantisation
rule based on commutation relations (second quantisa-
tion of quantum fields); the Heisenberg uncertainty rela-
tion; the semi-classical methods of QM; the quantisation
of thermal systems. Furthermore we have proven (in-
dependently w.r.t the results just mentioned) that the
ECs classical-relativistic evolutions are exactly described
by the ordinary Feynman path integrals of elementary rel-
ativistic particles. We have described how to build the
second quantised field at the base of ordinary QFT from
ECs. All these equivalences (and the many other not re-
ported in this paper because objectively too much to be
contained here) have been first proven for the free case,
and then they have been fully generalised to interactions
(as learnt from Newton’s description of classical mechan-
ics which starts with the ideal case of free elementary
systems and then generalising to interactions).
Remarkably, we have also proven that gauge interac-
tions can be derived, without postulating gauge invari-
ance, directly from a particular subclass of ECs spacetime
geometrodynamics, in perfect correspondence with grav-
itational interaction. In this way we have derived QED
directly from the resulting ECs classical-relativistic ge-
ometrodynamics. Indeed, ECs theory not only yields de
facto a unified description of quantum and relativistic
mechanics, it also yields a unified description of gauge
and gravitational interactions [7], including a mathemat-
ical demonstration from first principles of the central re-
lation of the AdS/CFT correspondence, also known as
gauge/gravity duality [8].
Such a long list of remarkable, rigorously proven equiv-
alencies resulting from ECs physics cannot be the fruit
of mere mathematical coincidences — coincidences don’t
exist in mathematical demonstrations. ECs theory must
be therefore regarded as a new formulation of QM, equiv-
alent to the axiomatic formulation of QM, to the Feyn-
man formulation of QM, to the Dirac quantisation rule,
and so on. Furthermore, the details of such exact equiv-
alences to QM are extremely fascinating and clearly in-
dicate a possible way out to long standing problems of
physics, as well as possible new physics beyond QM.
ECs theory clearly indicates that QM emerges from
ultra-fast cyclic spacetime dynamics associated to ele-
mentary particles and that the ordinary interpretation of
relativistic spacetime itself, based on emphatically non-
compact dimensions, must be reconsidered. The price to
pay for a unified description of quantum and relativistic
mechanics is to give up with the ordinary emphatically
non-compact description of relativistic spacetime. QM is
the manifestation of intrinsic boundaries of relativistic
spacetime.
In his recent review paper, t’ Hooft has raised the —
venerable — question: is “a [classical] view on the quan-
tum nature of our universe, compulsory or impossible?”
[2]. The clear answer resulting from our analysis, ob-
tained through rigourous mathematical proofs, all certi-
fied by peer-reviews and published on scientific journals,
is that a view of QM based on simple relativistic physical
systems, classical in the essence, is definitively compul-
sory, rather than impossible. The real question now is:
are we physicists ready to consider a new description of
relativistic reality beyond QM? Pretending to not see sci-
entific facts is against the very essence of science:
“I wish, my dear Kepler, that we could have a good laugh
together at the extraordinary mediocrity of the mob.
What do you think of the foremost philosophers of
this University, to whom I have offered a thousand
times of my own accord to show my studies,
but who, with the lazy obstinacy of a serpent
who has eaten his fill, have never consented
to look at planets, nor moon, nor through my glass?
Verily, just as serpents close their ears, so do these
men close their eyes to the light of truth. These are
great matters; yet they do not occasion any surprise.
[. . .] In questions of science, the authority of a thousand
is not worth the humble reasoning of a single individual.”
From the second (1610) of the two Galileo’s letters to Kepler.
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